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ABSTRACT 
 
Several factors have large effects on maize grain yield including environment, nitrogen (N) supply, 
and hybrid genetics. Efficient and environmentally responsible use of N fertilizer is a cornerstone of 
high‐yielding maize production, and improvements in maize N use will require a combination of 
agronomic, breeding, and biotechnology approaches. A maize hybrid’s N use and productivity are 
influenced by its grain yield at low N (check plot yield; no fertilizer N applied), and its response (i.e., 
increase in grain yield) to fertilizer N application. Maize N use can be improved by focusing on one or 
both of these parameters; however, better N use will not be sufficient by itself to increase maize 
productivity. Plant density tolerance also should be considered due to the possible interactions of hybrid, 
N rate, and plant density, as well as the need to increase plant density as a strategy to increase yield per 
unit area. The broad questions addressed by this research were i) how has past genetic selection for grain 
yield affected the N response characteristics of modern hybrids, ii) what is the variation for N use traits in 
current commercial hybrids, iii) how do hybrid, N rate, and plant density interact, and iv) has 
biotechnology (e.g., transgenic corn rootworm protection traits) already made an impact on N use and 
productivity of maize? An array of field-based phenotyping experiments (different levels of N and plant 
density) was conducted between 2008 and 2011 in Illinois using hybrids from various sources to address 
these questions. 
Evaluation of old and new hybrids under various levels of N supply showed that improvement for 
grain yield at low N (56 kg ha-1 yr-1) has contributed to about two-thirds of the improvement in grain yield 
at high N (86 kg ha-1 yr-1). Despite past improvement for low N tolerance, current commercial maize 
hybrids vary widely in their grain yields at low N with an average genetic range of 2.2 Mg ha-1. Tolerance 
to low N was also closely associated with the ability to withstand high plant density. Grain yield at low N 
was mostly related to differences in genetic N utilization, which quantifies grain yield per unit of plant 
accumulated N under unfertilized conditions. Improved N uptake, however, also affected low N grain 
yield in experiments which focused on the role of biotechnology derived corn rootworm protection traits 
on maize N use.  
Past genetic improvement for grain yield resulted in a more modest increase in N response (increase 
in grain yield between low N and high N treatments; 30 kg ha-1 yr-1) compared to that for low N tolerance. 
Current commercial hybrids also vary widely for magnitude of N response (avg. range of 1.9 Mg ha-1) 
and the optimum N rate (57% to 164% of the mean) at which this response occurred. N uptake is one 
factor that heavily influences the response of grain yield to fertilizer N. As such, in addition to improved 
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grain yield at low N, corn rootworm protected hybrids had larger responses to applied fertilizer N as a 
result of improved N uptake efficiency in some genetic backgrounds and environments. 
Individual kernel weight is a largely untapped resource for improving maize yields, and several 
chapters of this dissertation highlight its importance. Responses of kernel number and kernel weight to 
increased N supply were negatively correlated, and kernel weight required a greater optimum N rate 
compared to kernel number. Thus, improving the rate of kernel weight gain per unit of applied N may be 
a promising strategy for improving N use efficiency. Grain yield increases resulting from the addition of 
the HERCULEX® XTRA trait to hybrids formed from the intermated B73 x Mo17 recombinant inbred 
line (IBM RIL) population were mostly associated with improved individual kernel weight, which may be 
attributable to greater post-flowering N uptake and enhanced stay-green.  
In conclusion, genetic and agronomic approaches for improving maize N use and productivity should 
focus on i) grain yield at low N (stress tolerance and yield stability), and ii) enhancing fertilizer N use 
through strategies that simultaneously optimize kernel number and kernel weight responses to N 
application under increased plant density.  
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CHAPTER 1 
CHANGES IN NITROGEN USE TRAITS ASSOCIATED WITH GENETIC 
IMPROVEMENT FOR GRAIN YIELD OF MAIZE HYBRIDS RELEASED 
IN DIFFERENT DECADES 
 
ABSTRACT 
Comparison of historical and current maize (Zea mays L.) hybrids (era studies) is a classic approach 
to understanding the physiological differences associated with genetic improvement for agronomic traits 
like grain yield and stress tolerance. Further improvement of maize N use efficiency (NUE) will benefit 
from a thorough understanding of how past and present genetic improvement has shaped N use 
parameters. Since selection for grain yield has occurred at high N, our hypothesis was that modern 
hybrids would have a larger response to fertilizer N than hybrids from earlier eras. In 2009 and 2010, we 
characterized twenty-one single-cross maize hybrids released in different years ranging from 1967 to 
2006 for grain yield and N use traits.  
The results of this study show that the response of grain yield to fertilizer N has increased at a slower 
rate relative to grain yield at low N. Increases in grain yield at high N (86 kg ha-1 yr-1; R2 = 0.68) have 
coincided with increases in grain yield at low N (56 kg ha-1 yr-1; R2 = 0.69). As such, the response of grain 
yield to applied N has increased at a rate of only 30 kg ha-1 yr-1 (R2 = 0.29). Genetic N utilization (GU), 
which describes the physiological efficiency of N utilization for grain production at low N, increased with 
decade of introduction (0.24 kg kgplantN-1 yr-1; R2 = 0.37), while the ability to acquire mineralized soil N 
did not change over time. Grain yield improvements at all levels of N were associated with decreased 
barrenness and increased kernel number expressed on a per-plant and per-area basis.  
NUE, which is a measure of N fertilizer response, increased at a rate of 0.16 kg kgN-1 yr-1 (R2 = 0.40). 
Increased NUE was positively and significantly correlated with improved N uptake efficiency (r = 0.76, P 
≤ 0.001), which we attribute to the greater post-flowering N uptake of more recent hybrids. These results 
show that the response of grain yield to fertilizer N in current hybrids is more dependent on uptake of 
fertilizer N than the efficiency of N utilization, and that approximately two-thirds of genetic gain for grain 
yield at high N can be explained by improvements in low N tolerance. Further progress for maize grain 
yield will require continued improvements in low N grain yield along with targeted selection of genotypes 
that possess increased responsiveness to fertilizer N. Without this combination of traits, it is not clear how 
21st century agriculture will meet its goal of sustainably feeding an expanding world population. 
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INTRODUCTION 
Average maize yields in the United States have experienced a nearly five-fold increase between the 
beginning of the 20th century and present (Egli, 2008; USDA-NASS, 2012). This increase in yield has 
been influenced by a combination of genetic and cultural factors, but it has been estimated that 
approximately 60% can be attributed to genetic improvement (Russell, 1974; Duvick, 1977; Duvick, 
1992). Increased N fertilizer application accompanied early gains in grain yield of single-cross maize 
hybrids (Duvick and Cassman, 1999); however, average N fertilizer rates in the United States have 
remained relatively static during the past thirty years (Figure 1.1; USDA-ERS, 2011). This relationship 
between increased productivity and a high input of N suggests that maize breeders may have selected for 
germplasm that has an enhanced response to N fertilizer, and potentially, intolerance to low soil N 
(Carlone and Russell, 1987). 
Era studies (i.e., comparisons of older and newer hybrids) are a common approach to understanding 
how genetic selection has shaped economically important traits like grain yield in maize (Castleberry et 
al., 1984; Duvick, 2005; Campos et al., 2006; Wang et al., 2011); however, the impact of past selection 
on N use is not as thoroughly documented. Several comparisons of older and newer hybrids under 
contrasting N levels have been reported (Castleberry et al., 1984; Tollenaar et al., 1997; Sangoi et al., 
2001; O’Neill et al., 2004), but these studies are usually limited in the number of genotypes, and as a 
result it is difficult to completely ascertain the genetic gain that has been made for grain yield in 
relationship to N fertility in more recent hybrids. 
In a comparison of twenty-five open-pollinated and hybrid maize cultivars used between the 1930s 
and 1980s, Castleberry et al. (1984) showed that genetic gains for grain yield under low and high soil 
fertility had been 51 and 87 kg ha-1 yr-1, respectively. Similarly, with four hybrids representing Brazilian 
maize germplasm released between the 1960s and 1990s, the most recent hybrid produced higher grain 
yields at all levels of N (Sangoi et al., 2001). Likewise, a newer hybrid (Pioneer 3902, released in 1988) 
produced approximately 25% more grain than an older hybrid (Pride 5, released in 1959) at both low N 
and high N (Tollenaar et al., 1997). In contrast to these studies, O’Neill et al. (2004) showed that a hybrid 
widely grown in the United States during the 1970s (B73 x Mo17) produced approximately 8% more 
yield under the deficit N treatment, and that hybrids released in the early- and late- 1990s had greater 
yield responses to applied fertilizer N. Although these studies demonstrate that progress has been made in 
improving grain yield under both low and high N, characterization of changes in the agronomic and 
physiological components of maize N use could identify strategies for continued genetic improvement of 
yield.  
Genetic improvements in maize yield have generally been attributed to increased resource acquisition 
and greater stress tolerance (Tollenaar and Wu, 1999; Duvick, 2005; Campos et al., 2006; Tollenaar and 
3 
 
Lee, 2006; Hammer et al., 2009). Many of these changes are associated with increased dry matter 
partitioning to the ear during the critical period for kernel set (Echarte et al., 2000; Luque et al., 2006), 
and sustained leaf photosynthesis during grain fill (Ding et al., 2005; Echarte et al., 2008). Genotypic 
differences in kernel set in response to low soil N have been linked to differences in N utilization (Moll et 
al., 1982), which likely reflect the ability to partition biomass and N to the developing ear (Ta and 
Weiland, 1992; Lafitte and Edmeades, 1995; D’Andrea et al., 2009), or variation in how N assimilates are 
metabolized in the maize cob tissue (Seebauer et al., 2004; Moose and Below, 2009). Differences in grain 
yield at high N have been attributed to contributions from both N uptake and utilization with varying 
degrees of importance being assigned to each of these traits by past studies (Kamprath et al., 1982; Moll 
et al., 1982; Presterl et al., 2002; Worku et al., 2007). Although the relative importance of N uptake and 
utilization is not completely understood, and likely varies by population, it is clear that NUE can be 
improved by changes in one or both component traits (Moll et al., 1982; Presterl et al., 2002). As such, 
understanding how N uptake and utilization has changed over time in commercially representative maize 
germplasm could identify breeding strategies to further accelerate genetic gain for yield and NUE. 
The objective of this study was to characterize changes in grain yield, yield components, and NUE 
components in response to contrasting levels of N availability for single-cross maize hybrids representing 
four decades of selection for grain yield. Our hypothesis was that the most recently released hybrids 
would have larger responses to fertilizer N compared to hybrids from earlier eras as a result of the 
common practice of selecting and evaluating hybrids under a high input of N fertilizer.   
MATERIALS AND METHODS 
Germplasm 
Twenty-one single cross maize hybrids were provided by Monsanto (Table 1.1). These hybrids 
represent nearly 40 years (hybrids released between 1967 and 2006) of DEKALB’s commercial breeding 
pipeline. Conventional, non-transgenic versions of all hybrids were used in the study. Although a range of 
maturities (661 – 724 oCd) as determined by time to 50% silk exsertion existed in the panel of era hybrids 
(Table 1.1), this range of maturities is not untypical of commercial maize hybrids that might be grown in 
east-central Illinois. 
Cultural practices, experimental design, and treatments 
Field experiments were conducted during the 2009 and 2010 growing seasons on the Maxwell and 
Fisher Farms, respectively, of the University of Illinois Department of Crop Sciences Research and 
Education Center (CSREC) in Champaign, IL. The soil at this site is a Drummer-Flanagan soil 
association (fine-silty, mixed, superactive, mesic Typic Endoaquolls) typical of east-central Illinois. Plots 
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were mechanically planted on 23 May 2009 and 29 May 2010. The average plant density at harvest was 
82,800 plants ha-1. Tefluthrin [2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-3,3,3-
trifluoro-1-propenyl)-2,2-dimethylcyclopropanecarboxylate] was applied in-furrow at a rate of 0.11 kg a.i. 
ha-1 to control Western corn rootworm (Diabrotica virgifera virgifera) larvae. Pre-emergence weed 
control consisted of applications of S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-
1-methylethyl)acetamide), atrazine (6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine), and 
mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedione). 
A strip-plot arrangement in a randomized complete block design with three replications was used in 
which hybrids and N rates were randomly assigned to the whole-plot experimental units. Each sub-plot 
experimental unit (intersection of whole plot experimental units) consisted of two rows, 5.3 m in length 
with 0.76 m spacing. Nitrogen was applied and incorporated as granular ammonium sulfate [(NH4)2SO4; 
21-0-0-24S] in a diffuse band between the rows after emergence during the V2-V3 growth stages (Ritchie 
et al., 1997). Three N rates (0, 67, and 252 kg N ha-1) were chosen to evaluate a hybrid’s tolerance of low 
N, as well as its initial and maximum responses to fertilizer N. 
Biomass sampling, N uptake, and yield measurements 
Plant N uptake and partitioning of biomass and N were estimated from plant samples collected at silk 
emergence (R1) and at physiological maturity (R6) when at least 50% of the plants exhibited a visible 
black layer at the base of the kernels (Ritchie et al., 1997). Five representative plants per plot were 
sampled (above-ground biomass only) and separated into ear (grain + cob) and stover (leaf + stem + husk) 
fractions. Plants sampled at R1 contained only the stover fraction. The fresh weight of the stover fraction 
was determined prior to shredding using a commercial brush chipper (Vermeer BC600XL). A 
representative aliquot of the shredded material was dried to constant weight in a forced-draft oven (75 
oC). Dried stover aliquots were ground in a Wiley mill to pass a 20-mesh screen, and analyzed for total N 
concentration (g kg-1) using a combustion technique (NA2000 N-Protein, Fisons Instruments). Total 
stover N content was calculated by multiplying the per plant dry stover biomass by the stover N 
concentration. Total dry plant biomass (g plant-1) was calculated as the sum of the dry stover, grain, and 
cob fractions. Grain protein concentration was measured using near-infrared transmittance spectroscopy 
(NIT) (Infratec 1241 Grain Analyzer, FOSS). Grain N concentration was estimated from protein 
concentration using a factor of 6.25. Grain N content was calculated by multiplying the per plant grain 
weight by the grain N concentration. Total N content (g plant-1) was calculated as the sum of the stover 
and grain N contents. N uptake on an area basis was estimated by multiplying per plant N content by the 
plant density at harvest. 
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Grain yields are expressed as Mg ha-1 at 0 g kg-1 moisture. Individual kernel weights were estimated 
by counting 300 kernels from a representative grain subsample using an electronic seed counter. 
Individual kernel weights are expressed as mg kernel-1 at 0 g kg-1 moisture. Kernel number (m-2) was 
algebraically derived using the total plot grain weight and the estimate of individual kernel weight. 
Using the data from grain yield and plant N uptake, N use efficiency (NUE; kg kgN-1) and its 
components, N uptake efficiency (NUpE; kgplantN kgN-1) and N utilization efficiency (NUtE; kg kgplantN-1) 
were calculated according to Equations [1]-[3]: 
NUE = GYX – GY0
NRX
   [1] 
NUpE = NTX – NT0
NRX
   [2] 
NUtE = GYX – GY0
NTX – NT0
   [3] 
where GYX corresponds to the grain yield (kg ha-1) at a level of fertilizer application (≥ 67 kg N ha-1) and 
GY0 corresponds to the grain yield (kg ha-1) of the unfertilized check plot treatment (0 kg N ha-1); NRX is 
the fertilizer N rate (kg N ha-1); and NT0 and NTX represent the total plant N contents at the 0 and X N 
rates (kg plant N ha-1). Similarly, genetic N utilization (GU; kg kgplantN-1), which quantifies the 
physiological efficiency of N utilization for grain yield under unfertilized conditions was calculated 
according to Equation [4]: 
GU = GY0
 NT0
    [4] 
where GY0 corresponds to the per-plant grain yield (kg plant-1) of the unfertilized check plot treatment (0 
kg N ha-1) and NT0 (kg N plant-1) is the per-plant N uptake at physiological maturity derived from residual 
or mineralized soil N. 
Statistical analysis 
PROC MIXED in SAS was used to fit a linear mixed model (SAS Institute, 2009). Year and N rate 
were included in the model as fixed effects, while replication, hybrid, and the interactions of replication 
and hybrid with the fixed effects were included as random effects. Hybrid was treated as a random effect 
because we assumed that the twenty-one entries evaluated in this study were a sub-sample of the entire 
population of hybrids released during the time span represented. The phenotypic observations (yijkl) were 
modeled as: 
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ݕ௜௝௞௟ ൌ ߤ ൅ ߙ௜ ൅ ݎ௜௟ ൅ ߚ௝ ൅ ߙߚ௜௝ ൅ ݃௜௝௟ ൅ ߛ௞ ൅ ߙߛ௜௞ ൅ ݉௜௞௟ ൅ ߚߛ௝௞ ൅ ߙߚߛ௜௝௞ ൅ ݁௜௝௞௟ [5] 
where  is the overall mean, i is the fixed effect of year i, ril is the random effect of replication l within 
year i, j is the fixed effect of N rate j, ij is the interaction between year and N rate, gikl is the random 
interaction between replication and N rate within year, k is the random effect of hybrid k, ik is the 
random interaction between year and hybrid, mikl is the random interaction between replication and hybrid 
within year, jk is the random interaction between N rate and hybrid, ijk is the random interaction 
between year, N rate, and hybrid, and eijkl is the residual error. 
Variance components and their standard errors for the random effects were calculated using 
Restricted Estimation of Maximum Likelihood (REML). Hybrid performance within each level of N 
fertilizer was calculated using Best Linear Unbiased Predictors (BLUPs). Furthermore, BLUPs were also 
used to calculate the predicted mean performance of the hybrids released within the same decade. PROC 
REG in SAS was used to estimate genetic gain for each trait at each level of N by regressing each 
individual hybrid’s BLUP on year of introduction. A linear regression model was deemed significant at P 
≤ 0.05. Pearson’s pair-wise correlations were calculated between traits using PROC CORR in SAS. 
RESULTS AND DISCUSSION 
Temperature and precipitation 
2009 and 2010 represented two very different environments for evaluating yield and N use traits. 
Temperatures in 2009 were generally cooler than average, particularly at flowering and during grain 
filling (Table 1.2). During July and August of 2009, maximum and minimum temperatures were 
approximately 2.6 and 1.7 oC less than the 10-yr average at Champaign, IL. Cool temperatures were 
accompanied by above average precipitation; a total of 54.7 cm of precipitation fell during the May – 
September period, an increase of approximately 15% over the 10-yr average. In contrast to 2009, 2010 
was characterized by above average temperatures and unevenly distributed precipitation. During May 
through September, daily minimum and maximum temperatures were on average, 1.4 oC and 1.2 oC, 
greater than the 10-yr average, respectively. August of 2010 experienced a +2.5 oC deviation from the 10-
yr average for maximum temperature, which was accompanied by a -4.7 cm deviation from the 10-yr 
average for precipitation (Table 1.2). Together, these conditions resulted in significant stress at flowering 
and during grain filling. 
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Responses of measured traits to year and N rate  
Year and N rate were included in the linear mixed model analysis as fixed sources of variance. 
Although year was not a significant source of variation for grain yield, the main effect of N rate and the 
interaction effect of year and N rate were highly significant (P ≤ 0.0001; Table 1.3). Averaged across N 
rates, grain yields in 2009 and 2010 were 7.4 and 8.1 Mg ha-1, respectively. When averaged across 
hybrids, grain yield at low N (0 kg N ha-1) was 2.1 Mg ha-1 greater in 2010 compared to 2009 (P = 
0.0026). We attribute the decreased low N grain yield of 2009 to excessive precipitation and cool 
temperatures, which likely promoted early season N loss and decreased net soil N mineralization. 
Although 2009 had greatly reduced grain yield at low N, the average N response (increase in yield 
between 0 and 252 kg N ha-1) in 2009 was nearly 2.1 times greater than that of 2010. As such, at 252 kg N 
ha-1, grain yields were 11.3 and 9.6 Mg ha-1 in 2009 and 2010, respectively (P = 0.009). The decreased N 
response of 2010 was likely a function of high temperatures at flowering and grain fill, which contributed 
to increased kernel abortion and possibly a shortened duration of grain filling. 
All of the measured traits were significantly affected by N rate, and the interaction of year and N rate 
was significant for all traits with the exception of N utilization efficiency (Table 1.3). The significant year 
by N rate interactions were generally explained by the previously discussed differences between years in 
response to low N. 
Interpretation of variance components 
Although we only evaluated twenty-one hybrids released between 1967 and 2006, there were 
certainly many more hybrids developed during this time period. Therefore, we included hybrid in the 
model as a random effect since our main interest was not in individual hybrids per se, but rather in the 
improvement of traits by decade of hybrid introduction.  
Hybrid was a significant variance component (2Hybrid) for yield traits like total grain yield, kernel 
number, and kernel weight (Table 1.4). The variance components for the interaction of year and hybrid 
(2Year.Hybrid), as well as N rate by hybrid (2N rate.Hybrid) were also significant, but relatively small in 
comparison to 2Hybrid. Significant year by hybrid and N rate by hybrid interactions did not result in a 
change in the relative rankings of hybrids in each year. Therefore, it is possible to estimate genetic gain 
for each trait by combining data across years of the experiment.  
Relative to other yield components, individual kernel weight had small interactions with year and N 
rate; 2Hybrid for kernel weight was over five times larger in magnitude relative to 2Year.N rate.Hybrid (Table 
1.4). This result supports the concept of a hierarchy of plasticities for yield components, and that 
individual kernel weight has the least plasticity, particularly in comparison to kernel number (Sadras and 
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Slafer, 2012). The proportion of barren plant increased with the low N treatment, particularly for older 
hybrids (i.e., those from the 1970s and 1980s). This was especially true of the severely N deficient 
environment of 2009. As such, the 2Year.Hybrid and 2Year.N rate.Hybrid variance components were significant 
for % barren plants (Table 1.4). 
Above-ground plant N content was measured at flowering and physiological maturity, which allows 
us to assess potential differences in timing of N uptake between genotypes. There were no significant 
variance components associated with hybrid for N content at R1, which suggests that N uptake prior to 
flowering is mostly influenced by N supply and environment (Tables 1.3 and 1.4). In contrast, plant N 
content at R6 was associated with significant 2Hybrid and 2N rate.Hybrid variance components indicating that 
genotypic differences in N uptake are driven by post-flowering N uptake ability. 
The main fixed effect of year was not significant for genetic utilization, which quantifies the 
physiological efficiency of converting plant accumulated N to grain at low N (Table 1.3). Genotypic 
variance for genetic utilization was significant, and there was not a significant year x hybrid interaction 
(Table 1.4). Furthermore, the variance component associated with hybrid was nearly 28-times larger than 
the residual error variance for genetic utilization, indicating that this trait is highly heritable and consistent 
across environments with contrasting levels of residual or mineralized soil N availability. 
There were no significant variance components associated with hybrid for NUE or its component 
traits, N uptake and N utilization (Table 1.4). Genetic variation for these traits in maize has previously 
been documented (Moll et al., 1982; Presterl et al., 2002); however, our derivation of these traits relies on 
calculating the difference between separate measurements, which likely contributes to the large residual 
error variances associated with these traits.  
Genetic gain for yield and N use traits 
Grain yield increased by decade of hybrid introduction at all three levels of N fertility (Table 1.5). 
When regressed on year of introduction, the calculated rate of gain for grain yield at 252 kg N ha-1 was 86 
kg ha-1 yr-1 (R2 = 0.68; SE = ± 14 kg ha-1 yr-1) (Table 1.5 and Figure 1.2B). Grain yield at 0 kg N ha-1 also 
increased with year of hybrid introduction at a rate of 56 kg ha-1 yr-1 (R2 =0.69; SE = ± 9 kg ha-1 yr-1) 
(Table 1.5 and Figure 1.2A). Genetic gain for grain yield at 67 kg N ha-1 was intermediate (79 kg ha-1 yr-1; 
R2 = 0.78; SE = ± 9 kg ha-1 yr-1) to the other levels of N availability. The estimated rate of genetic gain for 
grain yield at high N in this study (86 kg ha-1 yr-1) is consistent with other estimates of 82 kg ha-1 yr-1 
(Castelberry et al., 1984) and 57 – 89 kg ha-1 yr-1 (Duvick and Cassman, 1999) reported in the literature. 
Because grain yield at high N is the sum of grain yield at 0 kg N ha-1 and the response of grain yield 
to applied N, the rate of gain for low N grain yield accounts for approximately 65% of improvement for 
grain yield at high N. By this same logic, response of grain yield to fertilizer N has increased at a rate of 
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about 30 kg ha-1 yr-1 (R2 = 0.29) (Figure 1.2C). The larger increase in grain yield at high N is consistent 
with common breeding and germplasm testing practices, which aim to evaluate the yield potential of new 
hybrid combinations at a high level of N. It is not immediately clear how evaluation and selection for 
grain yield at high N might impact grain yield at low N; however, multi-location testing across different 
environments with varying potential for N loss might result in selection of genotypes with high average 
performance. Previous comparisons of direct selection for grain yield at low N versus indirect selection at 
high N have shown that selection at high N results in greater performance over both levels of N (Brun and 
Dudley, 1989; Gallais et al., 2008). This response has generally been attributed to greater environmental 
variance and genotype x environment interactions at low N, and consequently, decreased heritability of 
grain yield at low N (Gallais et al., 2008). An alternative, yet complementary, hypothesis is that 
physiological mechanisms for efficient assimilation and partitioning of N under deficit N conditions also 
influence utilization of N for grain production under high N fertility. 
Grain yield is a function of the number of plants per area, the proportion of these plants that produce a 
harvestable ear, kernel number per ear, and the weight of each individual kernel. Grain yield in this study 
was highly correlated with kernel number and % barren plants (Table 1.6). Correlation of kernel number 
calculated on a per-area basis with grain yield ranged from r = 0.93 at low N to r = 0.89 at high N (P ≤ 
0.001). At low N, the estimated rates of gain for kernel number on a per-area basis were 21, 24, and 25 
kernels m-2 yr-1 at the 0, 67, and 252 kg N ha-1 levels, respectively. Although the regression of kernel 
number per ear on year of hybrid release was significant at all levels of N, the rate of gain of 1-2 kernels 
ear-1 yr-1 represents a much lower increase on a percentage basis (average of 0.42% yr-1 relative to 1970s 
hybrids) compared to the percentage increase in kernel number on a per-area basis (average of 0.87% yr-1 
relative to 1970s hybrids).  
Kernel number on a per-area basis is impacted by kernels per ear, but is also strongly affected by the 
proportion of barren plants. The negative correlation between proportion of barren plants and grain yield 
was greatest at low N (r = -0.92, P < 0.001), and became less negative with increasing N rate (r = -0.84 
and r = -0.76 at 67 and 252 kg N ha-1, respectively) (Table 1.6). Barren plants are usually associated with 
an increased anthesis-silking interval caused by environmental limitations such as low N, drought, or high 
plant density (Buren et al., 1974; Bänziger and Lafitte, 1996; Campos et al., 2006). As such, the large 
negative correlation between barren plants and grain yield at low N is not unexpected, and barren plants 
were most prevalent in the 1970s hybrids grown at low N. Hybrids released in the 1970s (n = 3) had an 
average of 17% barren plants, while 2000s era hybrids (n = 8) had an average of 5.8% barren plants at 
low N (Table 1.5). At the intermediate and high levels of N, hybrids from earlier decades also had 
increased barrenness relative to the most recently introduced hybrids, and this may be a result of the high 
plant density under which we evaluated these hybrids. The mean plant density at harvest was 82,800 
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plants ha-1, which is much greater than the typical plant densities that hybrids from earlier decades would 
have been grown at (Duvick, 2005). At low plant densities, however, older and newer hybrids have 
similar yields (Duvick et al., 2004), indicating that the density that we used in our study was a better 
treatment to discriminate genetic differences in grain yield and N response. As such, estimates of genetic 
gain in this study probably include not only a genetic component, but also the increase in performance 
associated with an improved genetic x agronomic management interaction (Castleberry et al., 1984).   
Kernel weight increased at a rate of 0.58 mg kernel-1 yr-1 (R2 = 0.37; SE = ± 0.17 mg kernel-1 yr-1), 
and this rate of gain was not influenced by N supply (Table 1.5). The response of kernel weight to high N 
was approximately 30 mg kernel-1 for groups of hybrids representing each decade (Table 1.5). Therefore, 
genetic improvement of kernel weight can be explained by increased kernel weight potential at low N. 
Although not measured in this study, increased stay-green (i.e., delayed leaf senescence rate) and 
prolonged photosynthetic activity are traits that could result in higher individual kernel weight across N 
rates. Genetic improvement in maize has enhanced stay-green (Duvick and Cassman, 1999) and 
photosynthetic parameters (Ding et al., 2005; Echarte et al., 2008); however, the impacts of changes in 
these traits on kernel weight potential have not been investigated. A positive correlation between kernel 
weight and grain yield was present at all levels of N; however, this correlation was only significant at the 
67 and 252 kg N ha-1 rates (P ≤ 0.01) (Table 1.6). Although kernel weight has increased as a result of 
selection for grain yield, the apparent lack of an increase in the responsiveness of kernel weight to N 
supply suggests a potential opportunity for exploiting kernel weight as a contributor to future advances in 
maize grain yield and NUE. 
 Grain yield was positively correlated with harvest index (i.e., the proportion of dry matter partitioned 
to the grain) at all levels of N (Table 1.6). At low N, harvest indices for 1970s and 2000s hybrids were 
0.33 and 0.38 kg kg-1, respectively. Similarly, at high N, a 0.05 kg kg-1 difference occurred between the 
oldest and newest hybrids, and an average harvest index of 0.52 kg kg-1 was achieved in hybrids 
representing the 2000s (Table 1.5). There were no clear trends in stover biomass yield between hybrids 
representing different decades (data not shown), indicating that improvements in grain yield have been 
associated with greater dry matter partitioning as opposed to increased potential for total dry matter 
accumulation. This result is in contradiction to the data summarized by Lorenz et al., (2010), who 
concluded that historical gains in maize yield in the United States have been mostly accompanied by 
increasing stover biomass, and relatively constant harvest index. An increase in harvest index supports the 
conclusion that genetic improvement for grain yield has acted to increase assimilate partitioning to the 
developing ear, mostly resulting in decreased barrenness and increased kernel number. 
Total above-ground plant N contents were measured at flowering (R1) and physiological maturity 
(R6) to ascertain potential differences in timing of N uptake between older and newer hybrids. At R1, no 
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genotypic differences in N uptake were detected (Table 1.4), and application of N at the 67 and 252 kg N 
ha-1 rates resulted in 100% and 183% increases in N uptake (Table 1.7). At R6, there were no differences 
in plant N content at 0 kg N ha-1 (Table 1.7), suggesting that the N mineralization capacity of the soil 
regulates N uptake potential when fertilizer is not applied. At low N, the correlation between R6 plant N 
content and grain yield was positive, but not significant (r = 0.39) (Table 1.6). In contrast, correlations 
between plant N content and grain yield at 67 and 252 kg N ha-1 were r = 0.76 and r = 0.72, respectively 
(P ≤ 0.001). With application of N fertilizer, the estimated rate of genetic gain for R6 plant N content was 
0.008 g plant-1 yr-1 (R2 = 0.62 at 67 kg N ha-1 and R2 = 0.35 at 252 kg N ha-1) (Table 1.7). Furthermore, 
because there were no apparent genotypic differences in R1 plant N content, this improvement in N 
uptake at physiological maturity represents post-flowering N uptake. 
If plant N uptake at low N has not increased, then what is the cause of improved grain yield at low N? 
Although increased N uptake would certainly be a benefit at low N, genetic utilization (GU) is a measure 
of the physiological efficiency by which the plant uses any accumulated N to produce grain. Genetic 
utilization and grain yield at low N were positively and significant correlated (r = 0.73; P ≤ 0.001) (Table 
6). Furthermore, genetic utilization increased at a rate of 0.24 kg kgplantN-1 yr-1 (R2 = 0.37, SE = ± 0.07 kg 
kgplantN-1 yr-1) (Table 7 and Figure 3A). Genetic utilization was positively and significantly correlated with 
kernel number per ear (r = 0.75; P ≤ 0.001) and harvest index (r = 0.80; P ≤ 0.001) at low N, while it was 
negatively correlated with barren plants (r = -0.76; P ≤ 0.001), and uncorrelated with kernel weight (r = -
0.07; not significant) (data not shown). Together these results strongly indicate that genetic utilization 
represents a trait for efficient partitioning of C and/or N assimilates to the ear at the critical period for 
kernel set. One hypothesis is that genetic selection has acted on amino acid metabolism pathways within 
the developing earshoot to favor an increase in the asparagine (Asn) to glutamine (Gln) ratio, which has 
been previously shown to be reflective of plant N status under different levels of N fertilizer (Seebauer et 
al., 2004; Moose and Below, 2009). The authors of these papers suggest that the Asn to Gln ratio may be 
part of a signal transduction pathway that influences subsequent kernel development. This conclusion is 
supported by the findings of Martin et al. (2006) who showed that mutations for cytosolic glutamine 
synthetase isoenzymes (gln1-3 and gln1-4) had distinct effects on maize yield components. Although 
there are no published reports of variation in amino acid composition of developing earshoots in hybrid 
maize, and potential consequences of this variation on grain yield in response to N level, Cañas et al. 
(2009) showed that two inbred lines of maize differed considerably in the types and amounts of amino 
acids that accumulated in the cob and developing kernels. 
A trend for decreased grain protein concentration accompanied the increase in genetic utilization with 
year of introduction (Table 1.7). Although hybrids representing the 1970s and 2000s differed in grain 
protein concentration by approximately 4 g kg-1 at 0 kg N ha-1, there was not a significant linear 
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regression relationship between grain protein concentration and year of introduction (Table 1.7). At high 
N, grain protein concentration decreased by 0.18 g kg-1 yr-1 (R2 = 0.23, SE = ± 0.08 g kg-1 yr-1). The trend 
for decreased grain protein accumulation in response to selection for grain yield has previously been 
documented, suggesting altered patterns of C and N metabolism in more advanced maize germplasm 
(Duvick and Cassman, 1999; Scott et al., 2006; Gallais et al., 2008). Additionally, divergent selection for 
grain protein concentration in the Illinois Protein-Strains has resulted in markedly different patterns of N 
uptake and utilization (Uribelarrea et al., 2007). Modeling studies have suggested that genetically 
decreasing minimum grain N concentration is a strategy for increasing grain yield at low N (Sinclair and 
Muchow, 1995; Muchow, 1998), and our data supports this assertion. 
N use efficiency (NUE), which quantifies the increase in grain yield per unit of applied fertilizer N 
over the unfertilized check plot, is a measure of N response. At 67 and 252 kg N ha-1, NUE increased at a 
rate of 0.16 kg kgN-1 yr-1 (R2 = 0.40, SE = ± 0.04 kg kgN-1 yr-1) (Table 1.7). Since NUE is a product 
function of its components, N uptake efficiency (NUpE) and N utilization efficiency (NUtE), it can be 
manipulated by changes in one or both of its components (Moll et al., 1982). In particular, NUpE was 
highly correlated with NUE, especially at the intermediate level of N (r = 0.76, P ≤ 0.001) (Figure 1.4). 
Estimates of genetic gain for NUpE were 0.007 kgplantN kgN-1 yr-1 at 67 kg N ha-1 (R2 = 0.43, SE = 0.002 
kgplantN kgN-1 yr-1) and 0.003 kgplantN kgN-1 yr-1 at 252 kg N ha-1 (R2 = 0.38, SE = 0.001 kgplantN kgN-1 yr-1) 
(Table 1.7 and Figure 1.3B). Because NUpE quantifies the increase in plant N content over the 
unfertilized check plot treatment per unit of applied N, and since there were no apparent differences 
between older and newer hybrids for plant N content at 0 kg N ha-1 (Table 1.7), we conclude that 
improved NUpE must be a consequence of increased post-flowering N uptake. Post-flowering N uptake 
relies on sustained photosynthetic activity for nitrate assimilation, as well as the continued supply of 
photoassimilates to the root system (Ma and Dwyer, 1998). Therefore, we take this as further evidence of 
improved functional stay-green and potential for increased individual kernel weight in more modern 
hybrids. Furthermore, the dependence of advanced maize germplasm on post-flowering N uptake suggests 
that current transgenic technologies for controlling biotic pests like Western corn rootworm larvae 
(Diabrotica virgifera virgifera) could have an impact on N uptake as a result of season-long protection of 
the root system (Kahler et al., 1985; Spike and Tollefson, 1991; Vaughn et al., 2005). 
There were no apparent changes in NUtE, and predicted average values for NUtE were 70 and 45 kg 
kgplantN-1 at the 67 and 252 kg N ha-1 fertilizer rates, respectively (Table 1.7). The formula for NUtE 
(Equation 3) includes Δ grain yield in the numerator, and Δ plant N uptake in the denominator. Therefore, 
increases in both grain yield and plant N uptake, as is the scenario with this era hybrid panel, would result 
in unchanged NUtE. As such, identifying and exploiting genetic variation for NUtE, while maintaining 
high NUpE, could be a promising strategy for improving NUE.   
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CONCLUSIONS 
Maize germplasm has been selected under high input production practices. This approach might have 
resulted in hybrids which exhibit a large response to fertilizer N, and therefore require increased levels of 
fertilizer N to achieve their genetic potential. Our results, however, demonstrate that genetic gain for grain 
yield at low N (56 kg ha-1 yr-1) has been nearly double the rate of genetic gain for response to fertilizer N 
(30 kg ha-1 yr-1). The finding that improvement for grain yield at low N has accounted for 65% of grain 
yield increase at high N has important implications for achieving further improvement. Even if N uptake 
and utilization at low N are improved by breeding and biotechnology, the ability of the soil to supply N 
will represent an upper limit to grain yield at low N. As such, identifying and selectively improving traits 
associated with fertilizer N response will be necessary to maintain and accelerate the rate of genetic gain 
needed to double average maize yields. 
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FIGURES AND TABLES 
 
 
 
 
Figure 1.1. Average fertilizer N application rates for maize production in the U.S. for years 
between 1964 and 2010 (USDA-ERS, 2011), and average U.S. maize grain yields (Mg ha-1 at 
0 g kg-1 moisture concentration) during the same period (USDA-NASS, 2012). N application 
rates were not reported for 2004 and 2006-2009. 
 
 
 
   
Year
1960 1970 1980 1990 2000 2010
Fe
rt
ili
ze
r N
 ra
te
 (k
g 
N
 h
a-
1 )
60
80
100
120
140
160
180
G
ra
in
 y
ie
ld
 (M
g 
ha
-1
)
3
4
5
6
7
8
9
10U.S. average N fertilizer rate
U.S. average grain yield
19 
 
Table 1.1. Years of introduction, decade grouping, and growing degree days (GDD) 
to 50% silk exsertion for twenty-one era hybrids evaluated at Champaign, IL in 
2009-2010. Days to silking was measured in 2009 for the high N treatment (252 kg N 
ha-1). 
Entry Year of introduction Decade GDD to 50% silking 
   oCd 
1 1967 1970 678 
2 1971 1970 661 
3 1975 1970 724 
4 1981 1980 720 
5 1982 1980 720 
6 1989 1980 724 
7 1989 1980 699 
8 1991 1990 712 
9 1991 1990 716 
10 1994 1990 699 
11 1994 1990 716 
12 1996 1990 712 
13 1999 1990 716 
14 2000 2000 716 
15 2001 2000 661 
16 2003 2000 703 
17 2004 2000 712 
18 2005 2000 712 
19 2005 2000 682 
20 2006 2000 699 
21 2006 2000 712 
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Table 1.2. Average monthly weather data at Champaign, IL for the period 
between 1 May and 30 September in 2009 and 2010. Tmin and Tmax are the 
minimum and maximum daily temperatures, respectively. Values in 
parentheses are the deviations from the 10-yr average (2001-2010) at 
Champaign, IL. 
Year Month Tmin Tmax Precipitation 
  ------------------------------ oC ------------------------------ ---------- cm ---------- 
2009 May 11.4 (+0.5) 23.1 (- 0.3) 13.0 (+4.2) 
 June 17.3 (+0.8) 28.4 (+0.0) 10.8 (+1.0) 
 July 16.5 (- 1.7) 26.6 (- 3.1) 15.6 (+3.2) 
 August  16.1 (- 1.6) 27.2 (- 2.0) 13.7 (+5.0) 
 September 14.3 (+0.9) 25.0 (- 1.4) 1.6 (- 6.1) 
     
2010 May 12.7 (+1.7) 24.2 (+0.8) 7.8 (- 1.0) 
 June 18.7 (+2.2) 29.4 (+1.0) 19.8 (+10.0) 
 July 19.7 (+1.6) 31.1 (+1.4) 9.0 (- 3.3) 
 August  19.1 (+1.4) 31.8 (+2.5) 4.0 (- 4.7) 
 September 13.2 (- 0.1) 26.6 (+0.2) 7.6 (- 0.1) 
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Table 1.3. Tests of fixed effects. A linear mixed model approach was used to 
analyze the measured traits. Year and N rate were included as fixed sources 
of variation in the model. 
 Source of variation 
Measured trait Year N rate Year x N rate 
 --------------------------------------------- P > F --------------------------------------------- 
Grain yield NS† 0.0001 0.0001 
Area kernel number 0.0004 0.0001 0.0001 
Ear kernel number 0.0001 0.0001 0.0001 
Kernel weight 0.0194 0.0001 0.0001 
Barren plants 0.0470 0.0001 0.0133 
Harvest index 0.0015 0.0001 0.0039 
R1 N content NS 0.0001 0.0278 
R6 N content 0.0009 0.0001 0.0002 
Protein concentration 0.0001 0.0001 0.0020 
Genetic utilization‡ NS — — 
N use efficiency 0.0092 0.0002 0.0465 
N uptake NS 0.0001 0.0001 
N utilization 0.0339 0.0005 NS 
† NS; not significant at P ≥ 0.05. 
‡ Genetic utilization is relevant at low N only, and N rate was not included in the 
statistical model for this trait. 
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Table 1.4. Variance component estimates for random model effects. A linear mixed model approach 
was used to analyze the measured traits. Hybrid was included as a random effect in the model. 
 Variance components 
Measured traits 2Hybrid 2Year.Hybrid 2N rate.Hybrid 2Year.N rate.Hybrid 2Residual 
Grain yield 1.05** 0.11* 0.19** 0 0.58*** 
Area kernel number 1.68 x 105** 2.32 x 104* 1.17 x 104* 0 9.56 x 104*** 
Ear kernel number 1.24 x 103** 2.98 x 102* 2.65 x 102** 1.48 x 102* 6.74 x 102*** 
Kernel weight 1.46 x 102** 13.72 0 27.18** 88.96*** 
Barren plants 13.90 11.35* 8.37 20.43*** 26.61*** 
Harvest index 7.52 x 10-4** 1.47 x 10-4* 2.80 x 10-5 0 9.14 x 10-4*** 
R1 N content 0 0 0 2.67 x 10-3 4.95 x 10-2*** 
R6 N content 1.09 x 10-2* 8.66 x 10-4 1.09 x 10-2* 4.16 x 10-3 4.68 x 10-2*** 
Protein concentration 13.34** 2.00 3.29** 1.24 9.83*** 
Genetic utilization 27.41** 2.58 — — 0.98 
N use efficiency 16.14 5.22 0 7.12 78.05*** 
N uptake efficiency 8.31 x 10-3 6.05 x 10-4 0 0 4.16 x 10-2*** 
N utilization efficiency 2.27 6.04 0 16.27 6.24 x 102*** 
* Significant at P ≤ 0.05  
** Significant at P ≤ 0.01  
*** Significant at P ≤ 0.001 
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Table 1.5. Best Unbiased Linear Predictor (BLUP) estimates (± standard error) for grain yield and yield 
components of era hybrids evaluated under three levels of N fertilizer at Champaign, IL in 2009 and 2010.   
  Fertilizer N rate 
Measured trait Era/slope 0 kg N ha-1 67 kg N ha-1 252 kg N ha-1 
Grain yield, Mg ha-1 1970s 3.7 ± 0.3 5.9 ± 0.3 8.3 ± 0.3 
 1980s 4.8 ± 0.3 7.4 ± 0.3 9.9 ± 0.3 
 1990s 5.1 ± 0.3 7.8 ± 0.3 10.8 ± 0.3 
 2000s 5.7 ± 0.2 8.6 ± 0.2 11.3 ± 0.2 
 Slope† 0.056 ± 0.009 0.079 ± 0.009 0.086 ± 0.014 
         
Area kernel number, m-2 1970s 1827 ± 103 2882 ± 103 3609 ± 103 
 1980s 2264 ± 93 3407 ± 93 4084 ± 93 
 1990s 2396 ± 81 3563 ± 81 4369 ± 81 
 2000s 2588 ± 75 3742 ± 75 4481 ± 75 
 Slope 21 ± 5 24 ± 6 25 ± 6 
         
Ear kernel number, ear-1 1970s 299 ± 11 400 ± 11 476 ± 11 
 1980s 308 ± 10 432 ± 10 508 ± 10 
 1990s 320 ± 9 446 ± 9 548 ± 9 
 2000s 332 ± 8 463 ± 8 547 ± 8 
 Slope 1 ± 0.5 2 ± 0.6 2 ± 0.6 
         
Kernel weight, mg kernel-1 1970s 201 ± 3.8 208 ± 3.8 232 ± 3.8 
 1980s 211 ± 3.6 218 ± 3.6 241 ± 3.6 
 1990s 215 ± 3.4 222 ± 3.4 245 ± 3.4 
 2000s 220 ± 3.3 227 ± 3.3 251 ± 3.3 
 Slope 0.58 ± 0.17 0.58 ± 0.17 0.58 ± 0.17 
         
Barren plants, % 1970s 17.0 ± 2.2 8.5 ± 2.2 6.3 ± 2.2 
 1980s 9.8 ± 1.9 3.6 ± 1.9 1.8 ± 1.9 
 1990s 8.6 ± 1.6 3.4 ± 1.6 1.6 ± 1.6 
 2000s 5.8 ± 1.4 2.1 ± 1.4 0.8 ± 1.4 
 Slope -0.3 ± 0.07 -0.2 ± 0.03 -0.1 ± 0.03 
         
Harvest index, kg kg-1 1970s 0.33 ± 0.01 0.43 ± 0.01 0.47 ± 0.01 
 1980s 0.34 ± 0.01 0.44 ± 0.01 0.48 ± 0.01 
 1990s 0.36 ± 0.01 0.45 ± 0.01 0.50 ± 0.01 
 2000s 0.38 ± 0.01 0.48 ± 0.01 0.52 ± 0.01 
 Slope 0.002 ± 0.0004 0.002 ± 0.0004 0.001 ± 0.0004 
† Slope (± standard error) calculated by regressing BLUP estimates for each individual hybrid on year of 
introduction. Slopes are reported on a yr-1 basis. 
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Figure 1.2. Linear regressions on year of introduction for A) grain yield at low N (0 kg N ha-1), 
B) grain yield at high N (252 kg N ha-1), and C) N response (difference in yield between 0 and 
252 kg N ha-1). Each point represents individual hybrids introduced between 1967 and 2006.  
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Table 1.6. Pearson’s pair-wise correlation coefficients (n = 21) calculated between grain 
yield at each level of N fertilizer, yield components, N uptake and partitioning, and N use 
efficiency traits. 
 Correlations with grain yield  
 0 kg N ha-1 67 kg N ha-1 252 kg N ha-1 
Area kernel number 0.93*** 0.89*** 0.89*** 
Ear kernel number 0.75*** 0.81*** 0.84*** 
Kernel weight 0.37 0.51** 0.55** 
Barren plants -0.92*** -0.84*** -0.76*** 
Harvest index 0.59** 0.56** 0.38 
R6 N content 0.39 0.76*** 0.72*** 
Grain protein concentration -0.61** -0.54** -0.75*** 
N use efficiency — 0.68*** 0.77*** 
N uptake efficiency — 0.60** 0.68*** 
Genetic utilization 0.73*** — — 
* Significant at P ≤ 0.05  
** Significant at P ≤ 0.01  
*** Significant at P ≤ 0.001 
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Table 1.7. Best Unbiased Linear Predictor (BLUP) estimates (± standard error) for N uptake and use traits of 
era hybrids evaluated under three levels of N fertilizer at Champaign, IL in 2009 and 2010.   
  Fertilizer N rate 
Measured trait Era/slope 0 kg N ha-1 67 kg N ha-1 252 kg N ha-1 
R1 N content, g plant-1 Avg. 0.6 ± 0.1 1.2 ± 0.1 1.7 ± 0.1 
         
R6 N content, g plant-1 1970s 0.9 ± 0.06 1.2 ± 0.06 2.2 ± 0.06 
 1980s 0.9 ± 0.06 1.4 ± 0.06 2.4 ± 0.06 
 1990s 0.9 ± 0.05 1.4 ± 0.05 2.4 ± 0.05 
 2000s 0.9 ± 0.05 1.5 ± 0.05 2.4 ± 0.05 
 Slope† NS‡   0.008 ± 0.002 0.008 ± 0.002 
         
Protein concentration, g kg-1 1970s 62 ± 1.1 66 ± 1.1 85 ± 1.1 
 1980s 59 ± 1.0 63 ± 1.0 81 ± 1.0 
 1990s 58 ± 0.8 62 ± 0.8 79 ± 0.8 
 2000s 58 ± 0.7 63 ± 0.7 79 ± 0.7 
 Slope NS   NS   -0.18 ± 0.08 
         
Genetic utilization, kg kg-1 1970s 57 ± 2 —   —  
 1980s 61 ± 1 —   —  
 1990s 63 ± 1 —   —  
 2000s 66 ± 1 —   —  
 Slope 0.24 ± 0.07 —   —  
         
N use efficiency, kg kg-1 1970s —  38 ± 2 18 ± 2 
 1980s —  40 ± 2 20 ± 2 
 1990s —  42 ± 2 22 ± 2 
 2000s —  43 ± 2 23 ± 2 
 Slope —  0.16 ± 0.04 0.16 ± 0.04 
         
N uptake efficiency, kg kg-1 1970s —  0.55 ± 0.05 0.40 ± 0.05 
 1980s —  0.68 ± 0.04 0.49 ± 0.04 
 1990s —  0.66 ± 0.04 0.50 ± 0.04 
 2000s —  0.78 ± 0.03 0.52 ± 0.03 
 Slope —  0.007 ± 0.002 0.003 ± 0.001 
         
N utilization efficiency, kg kg-1 Avg. —  70 ± 4 45 ± 4 
† Slope (± standard error) calculated by regressing BLUP estimates for each individual hybrid on year of 
introduction. Slopes are reported on a yr-1 basis. 
‡ NS; slope not significantly different from zero. 
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Figure 1.3. Linear regressions on year of introduction for A) genetic utilization (0 kg N ha-1) 
and B) N uptake efficiency at the intermediate N treatment (67 kg N ha-1). Each point 
represents individual hybrids introduced between 1967 and 2006. 
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Figure 1.4. Relationship between N use efficiency and N uptake efficiency at the intermediate 
N treatment (67 kg N ha-1). Each point represents individual hybrids introduced between 
1967 and 2006. 
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CHAPTER 2 
NITROGEN RESPONSES OF DIVERSE COMMERCIAL MAIZE 
HYBRIDS 
 
ABSTRACT 
The development of nitrogen (N) use efficient maize (Zea mays L.) germplasm has received 
considerable attention in recent years; however, existing variation for N use traits in maize hybrids that 
are representative of current U.S. germplasm has not been well characterized. Understanding the current 
status of maize N use is of critical importance for devising strategies for breeding and biotechnology 
approaches to improving N use efficiency (NUE). This study was initiated to answer the questions: i) do 
current maize hybrids respond differently to application of fertilizer N, and ii) how do yield and NUE 
component traits relate to contrasting N use patterns? As such, the primary objectives of this study were 
to (i) evaluate the N response patterns of elite commercial maize hybrids, (ii) assess genetic variation in 
these commercial hybrids for grain yield, yield components, and NUE components at different levels of N 
supply, and (iii) investigate the relationships between these traits. A total of thirty-two commercial maize 
hybrids were evaluated in 2008, 2009, and 2010 at Champaign, IL (14 to 20 hybrids per year) under six 
levels of N availability ranging from 0 to 280 kg N ha-1 in 56 kg N ha-1 increments.  
Average maximum grain yields ranged from 10.9 Mg ha-1 in 2010 to 12.3 Mg ha-1 in 2009. Despite 
the effect of year which modulated both grain yield at low N (0 kg N ha-1) and response to fertilizer N, 
considerable genetic variation for both N use metrics was measured within an environment. Mean check 
plot yields were 7.2, 5.0, and 5.9 Mg ha-1, respectively, for the three years. The average genetic range 
(difference between lowest and highest yielding hybrids) for check plot yield was approximately 37% of 
the mean check plot yield. Similarly, mean maximum responses to fertilizer N were 4.1, 7.3, and 5.0 Mg 
ha-1 for the three years, and the average genetic range was approximately 1.9 Mg ha-1. 
The N rate required to maximize grain yield varied by hybrid. As such, a quadratic-plateau regression 
model was used to describe the response of grain yield to N, and to estimate the optimum N rate for yield 
of each hybrid. Average optimum N rates for yield were 161, 260, and 174 kg N ha-1 for each of the three 
years, and individual hybrids varied considerably in their optimum N rates (57% to 163% of the mean). 
Optimum N rate was not a good predictor of yield potential as hybrids with similar grain yields varied in 
the N rate required to achieve maximum yield.   
NUE and its components, N uptake efficiency (NUpE) and N utilization efficiency (NUtE), were 
calculated at the optimum N rate for each hybrid. Grain yield and NUE were poorly correlated indicating 
that selection for NUE alone is unlikely to improve yield potential. Grain yield at low N (0 kg N ha-1) was 
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a better predictor (correlation coefficients ranging from r = 0.48 to r = 0.63, P ≤ 0.05) of grain yield at the 
optimum N rate. Although NUpE and NUtE were positively and significantly correlated with overall 
NUE, NUtE was more highly correlated with NUE in each of the three years.  
While kernel number followed a similar response pattern (quadratic-plateau) to grain yield, maximum 
kernel number was achieved at N application rates that averaged 84% of those required to maximize total 
grain yield. In contrast, optimum N rates for maximum kernel weight were always in excess (23 to 80% 
greater) of those required for grain yield. These results suggest that increased rate of kernel weight gain 
per unit of N application may be an important target for improving maize NUE. 
In conclusion, current commercial maize hybrids vary widely in their tolerance of low N and response 
to applied fertilizer N. Genetic variation for N response is influenced by not only the magnitude of grain 
yield increase, but also the N rate required to achieve maximum grain yield. Genetic and agronomic 
approaches for improving maize N use and productivity should focus on grain yield at low N (stress 
tolerance and yield stability) and enhancing fertilizer N response through strategies that simultaneously 
optimize kernel number and kernel weight responsiveness.  
INTRODUCTION  
Current and future efforts to increase global production of grain crops such as maize must be 
accompanied by more efficient use of agricultural inputs such as nitrogen (N). Improved N use efficiency 
(NUE; increase in grain yield per unit of applied N) is particularly important due to concerns about the 
negative impact of excess N on the environment, and the unpredictable variation that fossil-fuel derived N 
fertilizers contribute to crop production economic costs. Loss of N from agricultural fields and other 
agronomic inefficiencies can exert considerable influence on environmental quality (Cassman et al., 
2003). For example, losses of N into watersheds encompassing maize production systems in the north-
central United States have been implicated in impaired aquatic ecosystems, such as the hypoxic zone in 
the Gulf of Mexico (David et al., 2010). The economic costs associated with inefficient N use are more 
difficult to assess; however, Raun and Johnson (1999) have estimated that every 1% increase in N 
fertilizer uptake efficiency would result in an approximate US$2.3 million savings in annual N fertilizer 
costs. Furthermore, temporal variation in N fertilizer costs associated with fluctuations in fossil fuel 
markets are not always accompanied by concomitant increases in grain prices, thereby reducing the 
profitability of maize production. 
The goals of minimizing the unintended loss of N to the environment, as well as lessening the 
economic impact of N on maize production, suggest that management strategies for reducing 
recommended N fertilizer rates are required. The goal of increasing grain production to meet world 
population growth, however, will clearly require increased overall inputs of N (Cassman et al., 2002; 
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Cassman et al., 2003). As such, a systems approach to improved NUE will be required that encompasses 
advances in fertilizer application technologies, precision agriculture, and more N use efficient germplasm 
(Raun and Johnson, 1999). A number of strategies might be employed for genetic improvement of maize 
NUE. Choosing the most appropriate strategy requires an understanding of the quantitative differences in 
maize hybrid N response, and the physiological mechanisms by which these differences are achieved. 
Whether or not maize hybrids respond differently to fertilizer N remains a controversial issue. Early 
studies demonstrated that hybrids varied considerably in the N fertilizer rate required to maximize grain 
yield (Tsai et al., 1984; Smiciklas and Below, 1990; Tsai et al., 1992; Tsai and Huber, 1996). In contrast, 
other studies have suggested that significant hybrid x N interactions do not usually occur in elite maize 
germplasm, are specific to certain environments, or are not of sufficient magnitude to merit hybrid 
specific N recommendations (Bundy and Carter, 1988; Gardner et al., 1990; Mullen et al., 2010; Shepard 
et al., 2011). The discrepant results of these studies suggest that the evaluation environment, the hybrids 
used in a particular study, or other agronomic parameters such as plant density can markedly influence the 
conclusions drawn from a hybrid x N rate experiment. For example, Tsai et al. (1991) suggested that 
environmental conditions that are not supportive of high grain yields, or elevated residual soil N might 
obscure genetic differences in response to fertilizer N. Also, large differences in hybrid maturity or lack 
of adaptation to a particular environment have been proposed as explanations to discredit apparent genetic 
differences for N response (Gardener et al., 1990). Studies that have evaluated hybrids at varying levels of 
N have utilized a limited number of genotypes, sometimes from a single source (i.e., breeding program). 
Since most of the current proprietary maize germplasm in the United States can generally be traced to 
seven progenitor lines (Mikel, 2006; Mikel and Dudley, 2006), a lack of genetic diversity in a study might 
lead to the conclusion that maize hybrids do not differ for N response. 
Although the eventual goal of many crop improvement programs for increased NUE is to alter the 
shape of the N response curve (Sylvester-Bradley and Kindred, 2009), understanding variation in grain 
yield at contrasting levels of N input has other important implications. For example, identifying 
genotypes which perform well under N limiting conditions will be useful for minimizing yield reductions 
in environments where N is lost due to leaching and denitrification, or for maximizing productivity in 
low-input production systems. Presterl et al. (2003) found that genotypic variance for grain yield at low N 
was approximately 2.3 times greater than that at high N, suggesting that there is greater potential for 
genetic improvement of grain yield at low N. Furthermore, the data of Coque and Gallais (2007) 
suggested that genotypes that yield well under N limiting conditions will also be the most productive 
genotypes under high inputs of N. Although they concluded that most maize hybrids respond similarly to 
N fertilizer, Bundy and Carter (1988) showed an approximate 1.1 Mg ha-1 genotypic range in grain yields 
at low N, and a 1.3 to 1.9 Mg ha-1 range in grain yields at high N, depending on environment. 
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Genetic variation in grain yield exists at different levels of N, and some studies suggest that there are 
genotypic specific responses to N fertilizer. Therefore, it follows that the individual components of grain 
yield (KN, kernel number, and KW, individual kernel weight) can have genetically determined responses 
to N. N influences grain yield by increasing KN per unit area as well as KW (Lemcoff and Loomis, 
1986). The response of KN to N application is generally associated with increased radiation interception, 
radiation use efficiency, and plant growth rate during the critical period bracketing flowering (Uhart and 
Andrade, 1995a; Uhart and Andrade, 1995b). Despite the general relationship between plant N content, 
crop growth rate, and kernel set in maize, N responses in certain genotypes do not appear to be closely 
associated with differences in N uptake or biomass accumulation at flowering (Paponov et al., 2005a). 
Furthermore, D’Andrea et al. (2008) have suggested that the relationship between plant growth rate and 
kernel set in response to N varies among genotypes. These findings support the conclusion that genotype 
x N interactions for grain yield are largely influenced by underlying interactions for kernel number 
(Gallais and Coque, 2005).  
The importance of KW on genotypic differences in N response is not as well characterized, but is 
clear that N promotes kernel sink capacity (i.e., endosperm cell number and starch granule initiation), and 
is involved in regulating the activities of enzymes associated with kernel C and N metabolism (Cazetta et 
al., 1999). Maize KW is also influenced by N associated differences in kernel growth rate and duration of 
grain filling (Melchiori and Caviglia, 2008). As a result, KW has been closely associated with plant N 
uptake in maize (Papanov et al., 2005b). At low N, genotypes which perform well have been shown to 
establish high potential sink capacity, and maintain photosynthesis during grain filling (i.e., delayed 
senescence), thereby achieving the potential weight of individual kernels (Papanov et al., 2005b). 
Many different equations have been reported for quantifying NUE and its components (Moll et al., 
1982; Good et al., 2004; Fageria et al., 2008). Although these expressions differ slightly, the common 
feature is that they attempt to quantify N uptake from fertilizer and soil, and the efficiency with which this 
N is used to produce biomass or grain. Because NUE is influenced by both the efficiencies of N uptake 
(NUpE; increase in plant N content per unit of applied N) and N utilization (NUtE; increase in grain yield 
per unit of plant N content), genotypic differences in NUE can be achieved by differences in NUpE or 
NUtE (Moll et al., 1982). The relative contributions of NUpE and NUtE to overall NUE vary according to 
the level of N supplied; however, contrasting results have been reported for these relationships (Kamprath 
et al., 1982; Moll et al., 1982; Presterl et al., 2002; Worku et al., 2007). Moll et al. (1982) showed that 
maize hybrids with similar NUE differed considerably in uptake and utilization efficiencies. At low N, 
NUtE contributed more to variation in NUE, while at high N variation in NUE was almost entirely due to 
differences in NUpE. In contrast, Kamprath et al. (1982) reported that genetic improvement of NUE in 
two maize populations was associated with better NUpE at low N and increased NUtE at high N. In a 
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comparison of hybrids derived from selection at low N versus hybrids derived from selection at high N, 
Presterl et al. (2002) concluded that the hybrids developed at low N had superior N uptake compared to 
the hybrids developed at high N, while both groups had similar N utilization. NUE of tropical hybrids was 
influenced to similar extents by both NUpE and NUtE (Worku et al., 2007). Collectively, these studies 
suggest that the importance of NUpE and NUtE to NUE varies considerably depending on how these 
traits are measured or derived, the level of N fertilizer applied, and the germplasm under evaluation. 
Clearly, significant improvements in NUE will require coordinated improvements of both NUpE and 
NUtE, and it is important to understand the interactions between uptake and utilization, as well as their 
genetic and environmental regulation (Presterl et al., 2002).  
Characterizing elite maize hybrids for variation in N response, and understanding which yield 
components or NUE components are influencing this variation, is of critical importance for the further 
improvement of NUE by molecular breeding or transgenic approaches. Although genotypic variation for 
maize N use traits has been demonstrated by a number of QTL mapping studies [see Geiger (2009) and 
references therein], the importance of this variation is difficult to extrapolate from these studies, which 
are often conducted with relatively unimproved inbred lines, to elite commercial maize hybrids. Studies 
with hybrids are needed to document variation for N responses in agronomically relevant germplasm, and 
to identify traits in need of improvement. Furthermore, as biotechnology is being pursued as method for 
improving complex agronomic traits like NUE (Moose and Below, 2009), and success with manipulation 
of individual N metabolism genes has been met with limited success (Good et al., 2004), identification of 
germplasm with already desirable N use characteristics will likely aid in the development of genotypes 
that maximize transgene effectiveness. 
The primary objectives of this study were to (i) evaluate the N response patterns of elite commercial 
maize hybrids, (ii) assess genetic variation in these commercial hybrids for grain yield, yield components, 
and NUE components at different levels of N input, and (iii) investigate the relationships between these 
traits. A secondary objective was to compare NUE calculated based on measured grain yields at various 
levels of N supply to NUE calculated at the biologically optimum N rate for grain yield (i.e., N rate at 
which grain yield is maximized). 
  
34 
 
 
 
MATERIALS AND METHODS 
Cultural practices, experimental design, and treatments 
Field experiments were conducted during the 2008, 2009, and 2010 growing seasons at the University 
of Illinois Department of Crop Sciences Research and Education Center (CSREC). Plots were overplanted 
on 22 May 2008, 27 May 2009, and 15 May 2010 and thinned at V6 to achieve a target plant density of 
approximately 79,000 plants ha-1. Pre-emergence weed control consisted of applications of S-metolachlor 
[2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide], mesotrione ([2-[4-
(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedione), and atrazine [6-chloro-N-ethyl-N′-(1-
methylethyl)-1,3,5-triazine-2,4-diamine]. Post-emergence weed control consisted of mechanical 
cultivation and glyphosate [N-(phosphonomethyl)glycine]. The plots received an in-furrow application of 
tefluthrin [2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-
2,2-dimethylcyclopropanecarboxylate] at a rate of 0.11 kg a.i. ha-1 to control western corn rootworm 
(Diabrotica virgifera virgifera) larvae. 
The experiment was arranged as a split-plot design with four replications in each year. N rate (main 
plot) and hybrid (sub-plot) were the two treatment factors. Each sub-plot experimental unit consisted of 
two rows (5.3 m long and 0.76 m apart). N treatments were hand applied as ammonium sulfate (AMS) 
(21-0-0-24S) in a diffuse band between each row after the crop had emerged (V2 to V3 growth stages) 
(Ritchie et al., 1997). Six N treatments were used (0 to 280 kg N ha-1) in 56 kg N ha-1 increments. 
Commercial maize hybrids (15 to 20 per year) were selected to include a variety of maturities, seed 
brands, and biotechnology traits commonly grown in East-Central Illinois (Table 2.1). Due to the 
unpredictable commercial longevity of these hybrids, some hybrids were only grown in one year of the 
study, while others were grown in multiple years. While this inconsistency in hybrid selection does not 
allow us to assess year x N rate x hybrid interactions, the range of hybrids grown in each year allow us to 
draw conclusions regarding the N response traits of ‘typical’ commercial hybrids that are available to a 
maize producer. 
Biomass sampling, N uptake, and yield measurements 
Plant N uptake and partitioning of biomass and N were estimated from plant samples collected at 
physiological maturity (R6) when 50% of the plants exhibited a visible black layer at the base of the 
kernels (Ritchie et al., 1997). Five representative plants per plot were sampled (above-ground biomass 
only) and separated into ear (grain + cob) and stover (leaf + stem + husk) fractions. The fresh weight of 
the stover fraction was determined prior to shredding. A representative aliquot of the shredded material 
was dried to constant weight in a forced-draft oven (75oC). The dry weight of stover biomass was 
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calculated using the sample fresh weight, and the moisture concentration of the aliquot sample determined 
from the fresh and dry aliquot weights. Dried stover aliquots were ground in a Wiley mill to pass a 20-
mesh screen, and analyzed for total N concentration (g kg-1) using a combustion technique (NA2000 N-
Protein, Fisons Instruments). Total stover N content was calculated by multiplying the per plant dry 
stover biomass by the stover N concentration. The ear samples were shelled to separate the grain and 
cobs. Grain moisture concentrations were measured using a dielectric (capacitance) type grain moisture 
meter (SL95, Steinlite Corp.), and used to calculate the dry weight of the R6 grain samples. Total dry 
plant biomass (g plant-1) was calculated as the sum of the dry stover, grain, and cob fractions. Grain 
protein concentration was measured using near-infrared transmittance spectroscopy (NIT) (Infratec 1241 
Grain Analyzer, FOSS). Grain N concentration was estimated from protein concentration using a factor of 
6.25. Grain N content was calculated by multiplying the per-plant grain weight by the grain N 
concentration. Total N uptake (g plant-1) was calculated as the sum of the stover and grain N contents, and 
N uptake on a per-area basis was estimated by multiplying per-plant N content by the target plant density. 
At harvest, both rows of each plot were mechanically harvested and moisture level determined. Grain 
yields are expressed as Mg ha-1 at 0% moisture concentration. Individual kernel weights were estimated 
by counting and weighing 300 kernels from a representative grain subsample using an electronic seed 
counter. Individual kernel weights are expressed as mg kernel-1 at 0% moisture concentration. Kernel 
number (m-2) was algebraically derived using the total plot grain weight and the measured individual 
kernel weight. 
Statistical analysis and calculation of NUE components 
Statistical analysis was accomplished using PROC MIXED in SAS (SAS Institute, 2009). Normality 
of residuals and potential outliers were assessed using PROC UNIVARIATE in SAS. Year, hybrid, N 
rate, and their interactions were considered to be fixed effects, while replication and interactions with 
replication were considered as random effects. The response of grain yield to N rate for each hybrid was 
described using a quadratic with plateau regression model estimated with PROC NLIN in SAS according 
to: 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ ൅ ߚመଶܺଶ  if  ܺ ൏  ܺ଴ [1] 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ଴ ൅ ߚመଶܺ଴ଶ  if  ܺ ൒  ܺ଴ [2] 
where ෠ܻ  is the predicted value, ܺ is the fertilizer N rate,  ߚመ଴ is the intercept (predicted grain yield at 0 
kg N ha-1), ߚመଵis the linear coefficient, ߚመଶ is the quadratic coefficient, and ܺ଴ is the fertilizer N rate at 
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which the quadratic and plateau segments of the model join (Cerrato and Blackmer, 1990; Bullock and 
Bullock, 1994).  
Using the measured grain yield and plant N uptake, N use efficiency (NUE; kggrain kgfertilizerN-1) and its 
components, N uptake efficiency (NUpE; kgplantN kgfertilizerN-1) and N utilization efficiency (NUtE; kggrain 
kgplantN-1) were calculated according to Equations [3]-[5]: 
NUE = GYX – GY0
NRX
   [3] 
NUpE = NTX – NT0
NRX
   [4] 
NUtE = NUENUpE    [5] 
where GYX corresponds to the grain yield (kg ha-1) at a level of fertilizer application (≥ 56 kg N ha-1) and 
GY0 corresponds to the grain yield (kg ha-1) of the unfertilized check plot treatment (0 kg N ha-1); NRX is 
the fertilizer N rate (kg N ha-1); and NT0 and NTX represent total plant N uptake (kg plant N ha-1) at the 0 
and X N rates. Similarly, genetic N utilization (GU; kg grain kg-1 plant N), which quantifies the 
physiological efficiency of N utilization for grain yield under unfertilized conditions was calculated 
according to Equation [6]: 
GU = GY0
 NT0
    [6] 
where GY0 corresponds to the per-plant grain yield (kg plant-1) of the unfertilized check plot treatment (0 
kg N ha-1) and NT0 (kg N plant-1) is the per-plant N uptake at physiological maturity derived from residual 
or mineralized soil N. 
RESULTS AND DISCUSSION 
Temperature and precipitation 
Temperatures and precipitation were generally favorable for high yields during 2008 and 2009 (Table 
2.2). Maximum monthly temperatures were less than the 20-yr average (1991-2010) during silk 
emergence and grain fill in both years. Although total precipitation during the May through August period 
was similar for both 2008 and 2009, the temporal distribution of precipitation varied between years. In 
2008, approximately 41% of the precipitation measured for May through August occurred in July, leading 
to favorable conditions for pollination and kernel set. Excess precipitation in July 2008 was followed by a 
negative 80 mm deviation from the 20-yr average in August. As a result, the grain filling period in 2008 
37 
 
 
 
was relatively short and physiological maturity (R6) occurred around 01 September 2008. In contrast, 
precipitation was more evenly distributed in 2009, with an average of 133 mm of precipitation occurring 
each month during May through August. Minimum and maximum temperatures in 2009 were generally 
much cooler than average, particularly at flowering and during grain filling. During July and August of 
2009, monthly average temperatures were approximately 2.6 and 1.7 oC less than the 20-yr average. Cool 
temperatures and adequate rainfall in 2009 resulted in a prolonged grain filling period, which extended 
into September. In contrast to 2008 and 2009, 2010 was characterized by stress conditions, particularly at 
flowering and during grain fill. A total of 482 mm of precipitation was measured at the Champaign 
location in 2010, with approximately 41% of the total occurring in June. The 2010 summer period (01 
June to 31 August) was warmer than average, with monthly average temperatures exceeding the 20-yr 
average by approximately 1.6 oC (Table 2.2). Heat stress at flowering in 2010 resulted in noticeable 
genetic differences in kernel abortion at the tips of ears.  
General N response patterns associated with years 
Grain yield was affected significantly (P ≤ 0.001) by all sources of variation with the exception of 
year, illustrating the complexity of this trait (Table 2.3). Averaged across N rates, grain yields were 10.3, 
9.8, and 9.6 Mg ha-1 in 2008, 2009, and 2010, respectively. Although 2008 had the highest average grain 
yield across N rates, 2009 had the highest average grain yield with ample N supply (Figure 2.1). Thus, the 
significant year x N rate interaction is reflective of variation in grain yield at low N (0 kg N ha-1) and the 
response to applied fertilizer N. The response of grain yield to fertilizer N followed a quadratic-plateau 
response function and maximum grain yields ranged from 10.9 Mg ha-1 in 2010 to 12.3 Mg ha-1 in 2009 
(Figure 2.1). Maximum grain yields predicted by regression occurred at biologically optimum N rates of 
160 kg N ha-1 (2008), 260 kg N ha-1 (2009), and 167 kg N ha-1 (2010). Although 2008 and 2010 had 
similar optimum N rates, and maximum grain yields which varied by only 0.4 Mg ha-1, they differed 
considerably in their average check plot yields (7.3 versus 6.0 Mg ha-1). The environment (2009) with the 
highest yield under well-fertilized conditions experienced the smallest average check plot yield (4.0 Mg 
ha-1) and largest N response (7.3 Mg ha-1), which occurred at an optimum N rate of 260 kg N ha-1 (Figure 
2.1). 
Grain yield and kernel number (m-2) followed similar patterns (quadratic-plateau) in response to N 
(Figures 2.1 and 2.2); however, maximum kernel numbers were achieved at fertilizer N application rates 
that averaged 84% of those needed to maximize total grain yield. In contrast, the response of individual 
kernel weight to N followed a quadratic function, and optimum N rates needed for maximum average 
individual kernel weight were 23 to 80% greater than those needed for grain yield (Figure 2.3). Together, 
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these results suggest that grain yield follows a biphasic response pattern in which maximum kernel 
number is achieved first, followed by an additional increase in individual kernel weight.  
Although check plot yield differed between 2009 and 2010 by 1.0 Mg ha-1 (Figure 2.1), average 
kernel numbers at low N were quite similar between years (average of 2344 kernels m-2). Accordingly, 
individual kernel weight was only 213 mg kernel-1 in 2009 and nearly 255 mg kernel-1 in 2010. Therefore, 
kernel number may not be the most limiting yield component in extremely N deficient environments such 
as 2009. Response of kernel weight to N (difference between kernel weight at its optimum N rate and 
kernel weight at low N) ranged from 26 mg kernel-1 in 2008 to 70 mg kernel-1 in 2009. Despite these 
marked differences in kernel weight responsiveness, average maximum kernel weights in each of the 
three years varied by only 3.5% of the mean (284 mg kernel-1). As such, there may not be much 
immediate potential for increasing kernel weight beyond the 280 to 290 mg kernel-1 limit that appears to 
have been reached in this study; however, improved stability of kernel weight under low N may be a 
promising strategy for increasing average grain yields. 
Traits associated with grain yield at low N and response to fertilizer N 
Kernel number (m-2), total per-plant biomass accumulation (g plant-1), and N uptake (kg N ha-1) were 
the traits most highly correlated with grain yield under low N (Table 2.4). Although individual kernel 
weight was positively correlated with grain yield at low N, correlations were not significant in any of the 
years. These results indicate that the ability to acquire N and maintain carbon assimilatory capacity are 
key factors influencing the productivity of maize in the absence of supplemental fertilizer N. The role of 
N utilization (i.e., genetic utilization) under low N is less clear, with significant correlations with grain 
yield occurring only in 2008 (r = 0.63; P ≤ 0.05) and 2009 (r = 0.54; P ≤ 0.05). Genetic utilization 
probably reflects the ability to set kernels under low N availability (Chapter 1), and genotypic differences 
in amino acid inter-conversion in the developing earshoot and kernels have been proposed as one possible 
mechanism by which genetic utilization efficiency is achieved (Seebauer et al., 2004; Moose and Below, 
2009). Phenotypic correlations between genetic utilization and kernel number were r = 0.80 (P ≤ 0.001) in 
2008 and r = 0.49 (P = 0.06) in 2009 (analysis not shown). The lack of a significant association between 
grain yield at low N and genetic utilization in 2010 may be a result of post-silking heat stress, which 
contributed to kernel abortion, and the underlying genetic variation for response to high temperature. 
There was a strong negative association between genetic utilization and grain protein concentration (r = -
0.69; P ≤ 0.05), which suggests that plant N was not necessarily limiting in some hybrids under low soil N 
conditions, and provides further evidence that efficient utilization of N is more dependent on adjustments 
in N metabolism.         
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N responsiveness for grain yield was mostly associated with increasing kernel number, while there 
was little correlation between yield response and individual kernel weight response at the optimum N rate 
for each hybrid (Table 2.4). Furthermore, kernel number and individual kernel weight responses to N 
were negatively correlated at the optimum N rate for yield (Figure 2.4), suggesting that hybrids vary in 
the yield component with which they respond to N. This negative association may be a result of yield 
component compensation as a result of source availability, or it may reflect genetic differences in female 
inflorescence architecture. For example, genotypes possessing few kernel number rows may be limited in 
their capacity to add extra kernels per ear, and high kernel weight responsiveness to N is a result of extra 
source availability promoted by N supply. Like grain yield at low N, response to N was closely associated 
with increases in shoot biomass accumulation and N uptake in response to fertilizer N application (Table 
2.4).   
Genetic variation for grain yield in response to N supply 
The response of grain yield to N varied according to hybrid within a year as evidenced by a 
significant N rate x Entry interaction (Table 2.3). Genetic ranges for grain yield at low N (i.e., difference 
between lowest and highest performing entries at 0 kg N ha-1) were 2.7, 1.7, and 2.2 Mg ha-1 in 2008, 
2009, and 2010 respectively (Table 2.5). Thus, proper hybrid selection, especially in very N deficient 
years such as 2009, is an important strategy for minimizing the risk of reduced yield from weather 
induced N losses.  
Genetic ranges for response to N were 20% to 75% of the mean depending on year and the level of N 
supplied (Table 2.5). A greater range of responses (an average of 62% of the mean) was measured at 56 
kg N ha-1, suggesting that a reduced rate of N fertilizer may be the most suitable for characterizing genetic 
differences in the N response pattern of maize hybrids. In addition to the magnitude of yield increase in 
response to N supply, the N rate required to achieve maximum yield varied by hybrid (Table 2.6). As 
such, quadratic-plateau regression functions were fitted separately to estimate the biologically optimum N 
rate for maximum yield of each entry. Optimum N rates for yield of individual entries ranged from 57 to 
163% of the mean optimum N rate for each year (Table 2.6). Optimum N rate was not a good predictor of 
yield potential as hybrids with similar predicted grain yields varied in the N rate required to achieve 
maximum yield (Table 2.6). Although this study does not address the question of the repeatability of 
optimum N rates across environments for specific hybrids, these results suggest that hybrids can be 
specifically selected to achieve various improvements in maize N use. For example, it should be possible 
to identify hybrids that achieve acceptable yield with reduced N input, thereby mitigating the potential 
environmental implications of N over-application. Conversely, highly N responsive genotypes, which 
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might require more careful N management strategies, may be more suitable for intensive agronomic 
management systems designed to achieve higher productivity.    
Grain yield at low N and responsiveness to fertilizer N at the optimum N rate for grain yield were 
negatively correlated in 2008 (r = -0.65; P = 0.013) and 2010 (r = -0.35; P = 0.129). In contrast, there was 
no strong association between grain yield at low N and N response in 2009. The lack of a consistent 
negative relationship between these N use metrics suggests that there may not be a negative genetic 
correlation between these traits, and that the sometimes negative phenotypic correlation is a result of 
environments such as 2008 which have high soil N supplying capacity.    
Genetic variation for NUE and its components 
Nitrogen use efficiency (NUE), which quantifies the increase in grain per unit of N fertilizer 
application, decreased by approximately 60% between the lowest level of N fertilizer (56 kg N ha-1) and 
the highest level of N fertilizer (280 kg N ha-1) (Figure 2.5). Furthermore, because each entry achieved 
maximum yield at a different optimum N rate, NUE was calculated at each hybrid’s optimum (Table 2.6). 
NUE for individual hybrids varied by 21% to 97% of the corresponding year mean. Variation in NUE was 
mainly explained by variation in optimum N rate (correlation coefficients ranging from r = -0.75 in 2009 
to r = -0.89 in 2010; P ≤ 0.001), as opposed to variation in grain yield response at the optimum. If NUE is 
primarily a function of optimum N rate, then which N rate is most suitable for predicting or characterizing 
genetic differences in NUE? Evaluating germplasm for grain yield at five to six levels of N fertility to 
estimate a full response curve is demanding on financial and field resources. Therefore, N treatments that 
can characterize key components of the N response curve are more likely to be adopted in large-scale 
breeding trials. In this study, measured NUE at 56 kg N ha-1 was positively and significantly correlated to 
NUE at the optimum N rate in two out of three years, and measured NUE at 112 kg N ha-1 was positively 
and significantly correlated to NUE at the optimum N rate in all three years (Table 2.7). Conversely, there 
was little agreement between measured NUE and optimum NUE at N fertilizer rates ≥ 168 kg N ha-1. As 
such, a yield-limiting rate of N fertilizer (i.e., ≤ 112 kg N ha-1) would be most likely to identify genotypes 
with potential for high NUE under normal rates of N application. 
NUE is a function of its components, N uptake efficiency (NUpE) and N utilization efficiency 
(NUtE), and hybrids can differ markedly in how these components combine to achieve high NUE (Moll 
et al., 1982). Mean NUpE values were 0.48, 0.62, and 0.70 kgplantN kgfertilizerN-1 in 2008, 2009, and 2010, 
respectively (Table 2.6). Similarly, mean NUtE values were 54.0, 46.1, and 43.6 kggrain kgplantN-1 in 2008, 
2009, and 2010, respectively. Our approach to estimating NUE (Equation 3) was based on the difference 
between yield of the unfertilized check plot treatment and maximum yield achieved at the optimum N rate 
for each hybrid. Likewise, NUpE was calculated as the difference between plant N uptake of the 
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unfertilized check plot treatment and plant N uptake predicted at the optimum N rate for grain yield 
(Equation 4). Accordingly, NUtE was estimated as the quotient of NUE and NUpE (i.e., NUE is the 
product of NUpE and NUtE). As such, autocorrelation of NUpE and NUtE is possible based on this 
approach; however, calculated correlations between NUpE and NUtE were non-significant in each of the 
three years (Table 2.8). This result suggests that it may be possible to identify hybrids combining both 
high NUpE and NUtE, and as a result, high overall NUE. As expected, NUpE and NUtE were both 
positively associated with NUE; however, NUtE was a better predictor of differences in NUE (average r2 
= 0.59) compared to NUpE (average r2 = 0.35). Although we documented differences in NUE and its 
components attributable to hybrid, NUE was not significantly associated with grain yield at the optimum 
N rate for yield indicating that selection for NUE alone is unlikely to improve yield potential. Grain yield 
at low N (0 kg N ha-1) was a better indication (correlation coefficients ranging from r = 0.48 to r = 0.63, P 
≤ 0.05) of grain yield at the optimum N rate (Table 2.8). 
CONCLUSIONS 
     In conclusion, current commercial maize hybrids vary widely in their tolerance of low N and 
response to applied fertilizer N. Genetic variation for N response is influenced by not only the magnitude 
of grain yield increase, but also the N rate required to achieve maximum grain yield. Although NUE is 
clearly an important trait for continued improvement, selection based on the definition of NUE used in 
this study would be insufficient to improve maize yield potential. Genetic and agronomic approaches for 
improving maize N use and productivity should instead focus on i) grain yield at low N (stress tolerance 
and yield stability), which was positively correlated to grain yield at the biologically optimum N rate for 
grain yield, and ii) enhancing fertilizer N use through strategies that simultaneously optimize kernel 
number and kernel weight responses to N application.  
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FIGURES AND TABLES 
 
Table 2.1. Maize hybrids evaluated between 2008 and 2010 at Champaign, IL. A total of thirty-two 
hybrids were evaluated.  
Source Hybrid Biotech traits† 
Relative 
maturity 
Years 
evaluated 
Agrigold A6457 VT3 110 1 
Agrigold A6639 VT3 115 1 
Asgrow RX785 YGPL 113 1 
Beck’s 6733 HXX 114 1 
DEKALB DKC59-35 VT3 109 1 
DEKALB DKC61-19 VT3 111 3 
DEKALB DKC61-21 SSTX 111 1 
DEKALB DKC61-22 RR2 111 1 
DEKALB DKC61-33 VT3 111 2 
DEKALB DKC61-69 VT3 111 3 
DEKALB DKC61-72 RR2 111 1 
DEKALB DKC62-29 VT3 112 1 
DEKALB DKC62-54 VT3 112 1 
DEKALB DKC63-42 VT3 113 2 
DEKALB DKC63-84 VT3 113 1 
DEKALB DKC64-24 VT3 114 1 
DEKALB DKC65-44 VT3 115 2 
DEKALB DKC65-63 VT3 115 2 
FS 61BV3 VT3 111 2 
Golden Harvest H-9014 Agrisure 3000GT 112 1 
Mycogen 2K679 SSTX 109 1 
Mycogen 2T784 SSTX 114 1 
Pioneer Hi-Bred 32B83 HXX 115 3 
Pioneer Hi-Bred 33D14 HXX 113 2 
Pioneer Hi-Bred 33F88 HXX 114 2 
Pioneer Hi-Bred 33H29 HXX 114 2 
Pioneer Hi-Bred 33W80 RR2 111 1 
Pioneer Hi-Bred 33W84 HXX 111 3 
Pioneer Hi-Bred 34A89 HXX 109 2 
Pioneer Hi-Bred 35K04 HXX 106 1 
Pioneer Hi-Bred P1184XR HXX 111 1 
Pioneer Hi-Bred P1236XR HXX 112 1 
† Trait abbreviations: VT3, YieldGard VT Triple; YGPL, YieldGard Plus; SSTX, SmartStax; RR2, Roundup 
Ready 2. 
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Table 2.2. Total precipitation and average temperatures for the May-
September period at Champaign, IL in 2008, 2009, and 2010. 
Month 2008 2009 2010 20-yr avg. 
 ------------------------------------ mm -------------------------------------- 
May 149 130 78 119 
June 130 108 198 100 
July 202 156 90 119 
August 17 137 40 97 
September 202 16 76 77 
5-mo total 700 547 482 512 
 ------------------------------------ oC -------------------------------------- 
May 15.1 17.3 18.3 17.3 
June 23.2 22.8 23.8 22.4 
July 23.6 21.3 25.2 23.9 
August 22.5 21.4 25.1 23.1 
September 19.5 19.2 19.7 19.2 
5-mo avg. 20.8 20.4 22.4 21.2 
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Table 2.3. Analysis of variance for yield, biomass, and N use traits measured for thirty-two commercial 
hybrids evaluated between 2008 and 2010 at Champaign, IL. 
 Source of variation 
Trait Year N rate Year x N rate Entry(Year) N rate x Entry(Year) 
 -------------------------------------------------------------------------------------------- P > F ------------------------------------------------------------------------------------------- 
Grain yield 0.104 <0.001 <0.001 <0.001 <0.001 
Kernel number <0.001 <0.001 <0.001 <0.001 <0.001 
Kernel weight <0.001 <0.001 <0.001 <0.001 <0.001 
Total biomass <0.001 <0.001 <0.001 <0.001 0.166 
N uptake <0.001 <0.001 <0.001 <0.001 0.645 
Genetic utilization <0.001 — — <0.001 — 
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Figure 2.1. N response curves for grain yield measured at Champaign, IL between 2008 and 2010. Response 
curves estimated using quadratic-plateau regression functions. Each point represents an individual hybrid. 
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Figure 2.2. N response curves for kernel number measured at Champaign, IL between 2008 and 2010. 
Response curves estimated using quadratic-plateau regression functions. Each point represents an individual 
hybrid.  
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Figure 2.3. N response curves for individual kernel weight measured at Champaign, IL between 2008 and 
2010. Response curves estimated using quadratic regression functions. Each point represents an individual 
hybrid.  
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Table 2.4. Phenotypic correlations between grain yield at low N (0 kg N ha-1), yield components, total above-
ground biomass, N uptake, and genetic utilization (grain produced per unit of plant accumulated N under 
unfertilized conditions). Grain yield response to N is correlated with the increases in yield components, total 
above-ground biomass, and N uptake in response to N. Response variables were calculated at the N rate 
needed to optimize grain yield for each entry. Values of each trait at the optimum N rate for each entry were 
estimated using appropriate regression functions.  
 Grain yield at low N  Grain yield response to N 
Trait 2008 2009 2010  2008 2009 2010 
Kernel number, m-2 0.83*** 0.90*** 0.67***  0.60* 0.48 0.47* 
Kernel weight, mg kernel-1 0.04 0.31 0.42  0.06 -0.08 0.09 
Total biomass, g plant-1 0.68** 0.60* 0.61**  0.61* 0.68** 0.48* 
N uptake, kg ha-1 0.58* 0.50* 0.63**  0.57* 0.67** 0.36 
Genetic utilization, kg kg-1 0.63* 0.54* 0.01  — — — 
* Significant at P ≤ 0.05. 
** Significant at P ≤ 0.01. 
*** Significant at P ≤ 0.001. 
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Figure 2.4. Relationships between the increases in individual kernel weight and kernel number in response to 
N at the optimum N rate for grain yield of each hybrid. Each point represents an individual hybrid. 
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Table 2.5. Variation in grain yield and yield increase in response to N fertilizer calculated as difference 
between check plot treatment (0 kg N ha-1) and treatments receiving N application ≥ 56 kg N ha-1. Genetic 
ranges represent the difference between the lowest and highest performing entries at each level of N supply. 
  Grain yield  Yield response to N fertilizer 
Year N rate Mean ± SD Genetic range  Mean ± SD Genetic range 
 kg N ha-1 ---------------------------------- Mg ha-1 --------------------------------  ---------------------------------- Mg ha-1 -------------------------------- 
2008 0 7.2 ± 0.8 5.7 – 8.4  — — 
 56 9.8 ± 0.6 8.7 – 10.7  2.6 ± 0.5 1.8 – 3.4 
 112 10.8 ± 0.7 9.2 – 11.7  3.5 ± 0.5 2.8 – 4.3 
 168 11.3 ± 0.8 9.8 – 12.2  4.0 ± 0.8 2.6 – 5.5 
 224 11.2 ± 0.6 10.4 – 12.2  4.0 ± 0.6 3.1 – 4.9 
 280 11.5 ± 0.5 10.8 – 12.5  4.3 ± 0.7 3.1 – 5.4 
       
2009 0 5.0 ± 0.6 4.1 – 5.9  — — 
 56 7.6 ± 0.7 6.6 – 8.8  2.6 ± 0.3  1.9 – 3.1 
 112 10.2 ± 0.7 9.0 – 11.4  5.1 ± 0.4 4.3 – 5.8 
 168 11.4 ± 0.8  10.1 – 12.5  6.4 ± 0.4 5.9 – 7.4 
 224 12.0 ± 0.8 10.3 – 12.8  7.0 ± 0.5 6.2 – 7.6 
 280 12.4 ± 0.7 10.8 – 13.3  7.4 ± 0.5 6.4 – 8.1 
       
2010 0 5.9 ± 0.5 4.9 – 7.1  — — 
 56 9.1 ± 0.7 7.1 – 10.0  3.2 ± 0.7 1.7 – 4.1 
 112 10.0 ± 0.6 8.6 – 10.9  4.1 ± 0.6 3.0 – 5.0 
 168 10.6 ± 0.9 8.9 – 11.7  4.6 ± 0.8 3.1 – 6.3 
 224 11.2 ± 0.7  9.4 – 12.5  5.3 ± 0.8 4.0 – 6.4 
 280 11.1 ± 0.7 9.3 – 12.0  5.1 ± 0.6 3.8 – 5.9 
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Figure 2.5. Changes in nitrogen use efficiency (NUE) with increasing fertilizer N supply 
for forty-nine commercial maize hybrid entries evaluated at Champaign, IL between 2008 
and 2010. Each point represents an individual entry, and the solid line is the best fitted 
polynomial regression describing the relationship between NUE and fertilizer N rate. 
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Table 2.6. (shown on next page). Grain yield and N use efficiency (NUE) components evaluated at the 
biologically optimum N rate for each entry. Optimum N rates and their corresponding grain yields were 
predicted using quadratic-plateau regression functions. NUE was calculated as the increase in grain yield per 
unit of applied fertilizer N between the unfertilized check plot treatment (0 kg N ha-1) and the optimum N 
rate for each entry (Equation 3). N uptake efficiency (NUpE) was calculated as the increase in above ground 
plant N uptake per unit of applied fertilizer N between the unfertilized check plot treatment and the optimum 
N rate for each entry (Equation 4). N utilization efficiency (NUtE) was calculated as the quotient of NUE and 
NUpE (Equation 5). 
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    NUE components 
Year Entry Optimum N rate Predicted yield NUE NUpE NUtE 
  kg N ha-1 ± SE Mg ha-1 kg kg N-1 kg plant N kg N-1 kg kg plant N-1 
2008 2008-01 262 96 10.7 15.3 0.35 44.3 
 2008-02 195 51 11.6 19.2 0.38 50.1 
 2008-03 139 44 12.0 34.8 0.53 65.7 
 2008-04 181 31 11.7 26.8 0.59 45.1 
 2008-05 134 38 11.8 26.8 0.43 62.6 
 2008-06 151 44 11.5 24.0 0.48 49.8 
 2008-07 153 28 11.0 26.8 0.49 54.3 
 2008-08 176 44 11.8 19.3 0.46 41.5 
 2008-09 129 36 11.8 34.5 0.53 65.5 
 2008-10 126 42 10.5 25.6 0.47 54.1 
 2008-11 154 42 11.6 24.4 0.47 51.9 
 2008-12 183 32 11.4 25.0 0.57 44.1 
 2008-13 149 35 10.6 32.1 0.53 60.6 
 2008-14 120 23 10.4 31.1 0.47 65.8 
 Mean 161  11.3 26.1 0.48 54.0 
        
2009 2009-01 275 28 13.0 26.6 0.64 41.3 
 2009-02 226 23 12.6 30.0 0.65 46.3 
 2009-03 268 22 12.9 27.8 0.64 43.6 
 2009-04 242 48 12.3 28.9 0.58 49.8 
 2009-05 253 22 12.8 31.2 0.62 50.1 
 2009-06 269 28 13.0 29.2 0.67 43.9 
 2009-07 301 42 13.4 27.8 0.55 50.6 
 2009-08 206 19 12.5 32.8 0.65 50.1 
 2009-09 303 40 12.8 26.2 0.64 40.6 
 2009-10 234 23 11.9 31.9 0.65 48.8 
 2009-11 271 30 11.8 28.5 0.60 47.7 
 2009-12 239 29 10.6 27.4 0.63 43.2 
 2009-13 273 26 12.1 26.3 0.58 45.0 
 2009-14 289 38 12.3 25.8 0.59 43.8 
 2009-15 246 35 11.1 27.5 0.59 46.7 
 Mean 260  12.3 28.5 0.62 46.1 
        
2010 2010-01 143 32 11.0 36.3 0.62 58.8 
 2010-02 257 57 11.4 18.6 0.54 34.4 
 2010-03 164 30 11.5 35.1 0.82 43.0 
 2010-04 148 36 11.0 35.6 0.72 49.1 
 2010-05 108 15 11.0 46.9 0.88 53.5 
 2010-06 130 33 11.3 42.1 0.87 48.4 
 2010-07 204 30 11.5 25.1 0.57 43.8 
 2010-08 175 24 11.3 32.8 0.74 44.2 
 2010-09 187 59 11.6 25.8 0.74 34.9 
 2010-10 191 16 11.7 26.3 0.69 38.0 
 2010-11 99 20 10.3 48.3 0.65 74.6 
 2010-12 172 31 10.3 22.6 0.62 36.3 
 2010-13 120 46 9.8 34.2 0.74 46.2 
 2010-14 101 27 9.3 38.3 1.05 36.7 
 2010-15 220 36 12.0 24.9 0.61 40.6 
 2010-16 165 42 11.0 33.5 0.84 40.0 
 2010-17 169 23 10.9 21.6 0.66 32.5 
 2010-18 235 62 11.3 21.8 0.54 40.7 
 2010-19 241 28 9.8 20.0 0.50 39.8 
 2010-20 245 53 10.9 19.7 0.55 36.1 
 Mean 174  10.9 30.5 0.70 43.6 
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Table 2.7. Correlations between N use efficiency (NUE) calculated at the 
biologically optimum N rate for grain yield of each entry and NUE 
measured at rates of fertilizer N ranging from 56 to 280 kg N ha-1. 
 Correlations with NUE at optimum N rate 
Measured NUE at 2008 2009 2010 
kg N ha-1    
56 0.81*** 0.34 0.79*** 
112 0.87*** 0.60* 0.72*** 
168 0.40 0.34 0.29 
224 0.65** 0.08 0.18 
280 0.44 -0.12 0.30 
* Significant at P ≤ 0.05. 
** Significant at P ≤ 0.01. 
*** Significant at P ≤ 0.001. 
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Table 2.8. Phenotypic correlations between grain yield (Mg ha-1) at low N (0 kg N ha-1), and grain 
yield (Mg ha-1), N uptake (kg N ha-1), N use efficiency (NUE; kg kg N-1), N uptake efficiency (NUpE; 
kg plant N kg N-1), and N utilization efficiency (NUtE; kg kg plant N-1) calculated at the biologically 
optimum N rate for each entry. 
(a) 2008 correlations (n=14). 
 Yield at low N Yield N uptake NUE NUpE 
Yield 0.63*     
N uptake -0.11 0.28    
NUE -0.33 0.05 -0.32   
NUpE -0.32 0.20 0.30 0.65**  
NUtE -0.17 -0.09 -0.65** 0.83*** 0.12 
 
(b) 2009 correlations (n=15). 
 Yield at low N Yield N uptake NUE NUpE 
Yield 0.76***     
N uptake 0.14 0.50*    
NUE 0.24 0.06 -0.60*   
NUpE 0.33 0.08 0.19 0.42  
NUtE 0.01 0.02 -0.75*** 0.69** -0.37 
 
(c) 2010 correlations (n=20). 
 Yield at low N Yield N uptake NUE NUpE 
Yield 0.48*     
N uptake 0.51* 0.60**    
NUE -0.44* -0.21 -0.75***   
NUpE -0.27 -0.23 -0.40 0.68***  
NUtE -0.39 -0.12 -0.71*** 0.77*** 0.06 
* Significant at P ≤ 0.05. 
** Significant at P ≤ 0.01. 
*** Significant at P ≤ 0.001. 
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CHAPTER 3 
FIELD PHENOTYPING APPROACHES FOR CHARACTERIZING THE 
INTERACTIONS OF PLANT DENSITY AND NITROGEN RATE IN 
ELITE MAIZE GERMPLASM 
 
ABSTRACT 
Advances in maize grain yield per unit area will require selection of hybrids that tolerate continual 
increases in plant density and the ability to efficiently use inputs like fertilizer N. The objectives of this 
experiment were to understand interactions between plant density and N fertilizer rate in current 
commercial maize hybrids, and to compare two methods for evaluating the N response characteristics of 
hybrid maize germplasm. Twelve maize hybrids were grown at two target plant densities (79,072 and 
111,195 plants ha-1) and three nitrogen (N) fertilizer rates (0, 67, and 252 kg N ha-1) across three site-
years in Illinois. The approaches for evaluating N responsiveness were i) the maximum delta method 
(increase in yield between 0 and 252 kg N ha-1), and ii) a three N rate approach (0, 67, and 252 kg N ha-1) 
for characterizing low N tolerance, initial N response, and maximum N response.  
Due to considerable environmental stresses in 2010 and 2011, increased plant density resulted in a 
mean grain yield decrease of nearly 0.6 Mg ha-1 (not significant). The response to increased plant density 
was most negative under unfertilized conditions (-0.8 Mg ha-1), and increasing the rate of N promoted less 
negative or positive hybrid dependent responses to plant density. Considerable genetic variation in plant 
density response was measured, and hybrids with the least negative mean responses to increased plant 
density appeared to be less sensitive to competition under low N conditions. 
Measuring complete N response curves for multiple entries in large field trials is costly and laborious. 
Thus, targeted N treatments that quantify the main components of an N response curve are required for 
large-scale evaluation of germplasm. Characterization of hybrids using a maximum delta approach 
showed that hybrids in low, medium, or high response categories differed primarily in the number of 
kernels per area established in response to increasing N availability, while there were no clear effects on 
kernel weight or N uptake responses. The maximum delta approach does not explicitly take low N 
tolerance into account, as some hybrids that performed poorly under low N possessed high N 
responsiveness. In contrast, a Nitrogen Response Index (NRI) based on the three N rate approach 
identified hybrids with superior yield at high N based on contributions from grain yield at low N, initial N 
response, and the difference between maximum and initial N responses. Based on these results, we 
conclude that superior hybrids with increased stress tolerance should be routinely identified using 
screening methods that incorporate low N and high density treatments.  
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INTRODUCTION 
Nitrogen (N) rate, hybrid genetics, and planting density are among the main factors that a maize 
producer manages to achieve high yield. Because these factors are so paramount to maize grain yield, it is 
imperative to understand how they interact so that appropriate strategies can be devised to exploit positive 
interactions in various crop management scenarios, and to understand how to best improve maize hybrids 
for responses to N and increased plant density. Further increases in grain yield must come from increased 
per-plant yield potential, enhanced tolerance to stresses including high plant density, or some combination 
of both factors. The yield potential of individual plants grown under low density, however, has only 
increased modestly as a result of breeding efforts. For example, per-plant yield increased by 7% from 138 
g plant-1 in 1965 to 148 g plant-1 in 2008 in the central United States (Brekke et al., 2011). Conversely, 
grain yield on a per-area basis increased by 110% during the same time period, indicating that yield gains 
were largely driven by increased plant density. Thus, continued selection under plant densities in excess 
of those currently used by maize producers is likely needed to identify superior hybrid germplasm (Troyer 
and Rosenbrook, 1983). 
 Increased plant density could have an impact on response to N fertilizer; however, few studies have 
specifically examined the interactions of plant density, N fertilizer rate, and hybrid genetics in more 
recent germplasm. Furthermore, recent plant density experiments have not explored the range of densities 
that will be required to routinely produce maize grain yields at or above 16 Mg ha-1 (300 bu acre-1). For 
example, some recently published agronomic experiments have utilized high plant densities of only 
86,520 plants ha-1 (Shapiro and Wortmann, 2006) or 104,000 plants ha-1 (Boomsma et al., 2009). One 
strategy for increasing average grain yields to 16 Mg ha-1 requires maintaining per-plant grain yield at 
nearly 138 g plant-1 (550 kernels plant-1 at 250 mg kernel-1) while increasing plant density to at least 
116,000 plants ha-1. Clearly, this level of crowding stress will require selection of hybrids that best 
tolerate high plant densities, and which possess other critical agronomic characteristics such as tolerance 
to N deficiency and responsiveness to fertilizer N. 
Determining the best strategies for improving maize N use necessitates a thorough understanding of 
how hybrids use N, and the degree of variation that exists among commercial hybrids for N use traits. 
Although there are numerous examples of characterization of specific N use parameters for understanding 
the physiology of N use or for gene discovery, the influence on N use from different heterotic groups that 
contribute to commercial maize hybrids has been largely unexplored. For example, maize populations 
with different proportions of dent and flint germplasm were compared at low and high N by Brun and 
Dudley (1989), and while these populations responded similarly to fertilizer N, there was a clear trend 
toward higher grain yield at low N with decreasing proportion of flint germplasm. Four stiff stalk by non-
stiff stalk heterotic patterns were evaluated by Smiciklas and Below (1990) who found that hybrids 
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containing a B73-type inbred parent tended to have greater post-flowering N uptake relative to hybrids 
possessing B14-type inbred parents. Grain yield of B73-type hybrids responded to increasing N fertilizer 
with increased kernel number, while B14-type hybrids responded with both increased kernel number and 
kernel weight. The B14-type hybrids also appeared to reach their maximum grain yield at a lower rate of 
N fertilizer compared to B73-type hybrids. Similarly, Tsai et al. (1984) found that B14 x Oh43 had a 
markedly lower check plot yield (yield without added fertilizer N) compared to B73 x Mo17, and that 
B14 x Oh43 achieved a maximum grain yield at a lower N rate compared to B73 x Mo17. Collectively, 
the results of these studies suggest that maize hybrids can differ considerably in their response to fertilizer 
N, and that this variation might be attributable to specific heterotic patterns. 
Detecting differences in the N responsiveness of maize hybrids requires additional treatments and 
more thorough phenotyping approaches compared to traditional yield trials. Although the eventual goal of 
many crop improvement programs for increased N use efficiency is to alter the shape of the N response 
curve (Sylvester-Bradley and Kindred, 2009), evaluating germplasm for grain yield at 5 to 6 levels of N 
fertilizer to get a full response curve is demanding on financial and field resources. Therefore, N 
treatments that can characterize key components of the N response curve are more likely to be adopted in 
large-scale breeding trials. One such approach might be to measure the maximum response of grain yield 
to N (maximum delta method); calculated as the difference in yield between an unfertilized check plot 
treatment (i.e., no added fertilizer N), and a plot receiving an unlimiting rate of fertilizer N (Figure 3.1). 
Although this general approach has been used to describe spatial differences and predict N responsiveness 
in a field environment (Lory and Scharf, 2003; Pfeffer et al. 2010), its use for maize germplasm 
evaluation trials has not been specifically reported. Two major weaknesses of the maximum delta method 
are that i) it does not give any indication of the N response curve of a maize hybrid, and ii) a large N 
response might not necessarily be indicative of a superior hybrid because there is no indication of the 
optimum N rate, and a large N response can also be achieved by decreasing the check plot yield. A 
second approach involves including an intermediate fertilizer N rate to characterize the initial slope of the 
N response curve (Figure 3.1). This intermediate N rate should be large enough to generate an increase in 
yield over the check plot treatment, yet small enough so that grain yield is not maximized in low N 
response environments. As a result, this three N rate approach allows for characterizing check plot yield 
(i.e., low N tolerance), initial N response, and maximum N response. Also, because hybrids with a large 
initial N response (i.e., large initial slope of the N response curve) are likely to have a lower optimum N 
rate for achieving maximum grain yield, this approach may provide for estimation of the general range of 
N rates in which this optimum rate might occur.  
The objectives of this study were to i) evaluate the effects of supra-optimal plant density on grain 
yield, N response, yield components, and N uptake in current maize germplasm, ii) measure the genetic 
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range of N responses in these hybrids, and iii) to compare two methods (maximum delta and the three N 
rate approach) for characterizing a hybrid’s use of N. To achieve these objectives, twelve current 
commercial maize hybrids containing biotech insect protection traits were evaluated in three site-years 
under two plant densities and three rates of fertilizer applied N. 
MATERIALS AND METHODS 
Hybrid germplasm 
The entries included represented a range of high yield maize hybrids from different heterotic patterns 
and relative maturities (Table 3.1). All hybrids possessed transgenic insect protection against European 
corn borer (Ostrinia nubilalis Hübner; Cry1Ab protein from Bacillus thuringiensis) and western corn 
rootworm (Diabrotica virgifera virgifera LeConte; Cry3Bb1 protein from B. thuringiensis). The range of 
maize relative maturities (RM; 109 to 115) is representative of the maturities that might be used by maize 
growers in east-central Illinois. Several of the hybrids possessed common male or female parental inbred 
lines (Table 3.1). 
Cultural practices, experimental design, and treatments 
Field experiments were conducted during the 2010 and 2011 growing seasons on the Fisher Farm at 
the University of Illinois Department of Crop Sciences Research and Education Center (CSREC) in 
Champaign, IL. The soil at this site is a Drummer-Flanagan soil association (fine-silty, mixed, 
superactive, mesic Typic Endoaquolls) typical of east-central Illinois with 4.2% organic matter and a pH 
of 5.8. An additional location was evaluated in 2011 at Harrisburg, IL on a cooperator’s farm. The soil at 
the Harrisburg site is a Patton silty clay loam with a 3.2% organic matter and a pH of 6.7. Plots were 
mechanically planted on 29 May 2010 and 24 May 2011 (Champaign, IL) and on 01 June 2011 
(Harrisburg, IL) using a research plot planter with variable seeding rate capabilities (SeedPro 360, 
ALMACO, Nevada, IA). Pre-emergence weed control consisted of applications of S-metolachlor (2-
chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide), atrazine (6-chloro-N-ethyl-
N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine), and mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]-
1,3-cyclohexanedione). Post-emergence weed control consisted of glyphosate [N-
(phosphonomethyl)glycine] when necessary. All plots received an in-furrow application of tefluthrin 
[2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-
dimethylcyclopropanecarboxylate] at a rate of 0.11 kg a.i. ha-1 for control of seedling insect pests. 
A split-strip-plot design with three replications was used in which plant densities were randomly 
assigned to the large experimental units (split-plot arrangement), and hybrids and N fertilizer rates were in 
a strip-plot arrangement within each level of plant density (Schabenberger and Pierce, 2002). Each plant 
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density x hybrid x N rate sub-plot consisted of two rows, 5.3 m in length with 76 cm row spacing. 
Nitrogen was applied as granular ammonium sulfate ((NH4)2SO4; 21-0-0-24S) in a diffuse band after 
emergence and incorporated between V2 and V3. The N rates used in the study were 0, 67, and 252 kg N 
ha-1. Plots were planted to achieve target plant densities of 79,072 and 111,195 plants ha-1. Average final 
densities at harvest were 78,142 (coefficient of variation = 4.8%) and 105,662 (coefficient of variation = 
5.1%) plants ha-1 for the low and high plant density treatments, respectively.  
Biomass sampling, N uptake, and yield measurements 
Plant N uptake and partitioning of biomass and N were estimated from plant samples collected at silk 
emergence (R1) and at physiological maturity (R6) when at least 50% of the plants exhibited a visible 
black layer at the base of the kernels (Ritchie et al., 1997). Six representative plants per plot were sampled 
(above-ground biomass only) and separated into ear (grain + cob) and stover (leaf + stem + husk) 
fractions. Plants sampled at R1 contained only the stover fraction. The fresh weight of the stover fraction 
was determined prior to shredding using a commercial brush chipper (Vermeer BC600XL). A 
representative aliquot of the shredded material was dried to constant weight in a forced-draft oven (75 
oC). Dried stover aliquots were ground in a Wiley mill to pass a 20-mesh screen, and analyzed for total N 
concentration (g kg-1) using a combustion technique (NA2000 N-Protein, Fisons Instruments). Total 
stover N content was calculated by multiplying the per-plant dry stover biomass by the stover N 
concentration. Total dry plant biomass (g plant-1) was calculated as the sum of the dry stover, grain, and 
cob fractions. Grain protein concentration was measured using near-infrared transmittance spectroscopy 
(NIT) (Infratec 1241 Grain Analyzer, FOSS). Grain N concentration was estimated from protein 
concentration using a factor of 6.25. Grain N content was calculated by multiplying the per-plant grain 
weight by the grain N concentration. Total N content (g plant-1) was calculated as the sum of the stover 
and grain N contents. N measurements were only made at the Champaign location in 2010 and 2011. N 
uptake on a per-area basis was estimated by multiplying per-plant N content by the average final densities 
(78,142 and 105,662 plants ha-1). 
Both rows of each plot were mechanically harvested and grain yields are expressed as Mg ha-1 at 0 g 
kg-1 moisture. Individual kernel weights were estimated by counting 300 kernels from a representative 
grain subsample using an electronic seed counter. Individual kernel weights are expressed as mg kernel-1 
at 0 g kg-1 moisture. Kernel number (m-2) was algebraically derived using the total plot grain weight and 
the measured individual kernel weight.  
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Statistical analysis 
PROC MIXED in SAS was used to fit a linear mixed model (SAS Institute, 2009). Hybrid and N rate 
were included in the model as fixed effects, while location, replication, and the interactions of location 
and replication with the fixed effects were modeled as random effects. Specifically, the location term in 
the mixed model refers to individual site-years (combination of physical location and year). The 
phenotypic observations (yijklm) were modeled according to Schabenberger and Pierce (2002) as: 
ݕ௜௝௞௟௠ ൌ  ߤ௜௝௞௟ ൅ ݎ௟௠ ൅ ݁௜௟௠ଵ ൅ ݁௜௝௟௠ଶ ൅ ݁௜௞௟௠ଷ ൅ ݁௜௝௞௟௠ସ    [1] 
where ijkl is mean of the treatment combination of the ith plant density (i = 1, 2), jth hybrid (j = 1, ···, 12), 
kth N rate (k = 1, 2, 3), and lth location (l = 1, 2, 3), rlm is the random effect of replication m within location 
l, and e1 through e4 are random error terms associated with the four sizes of experimental units 
represented in this experimental design. The mean can be further decomposed according to: 
ߤ௜௝௞௟ ൌ ߤ ൅ ߙ௜ ൅ ߚ௝ ൅ ߙߚ௜௝ ൅ ߛ௞ ൅ ߙߛ௜௞ ൅ ߚߛ௝௞ ൅ ߙߚߛ௜௝௞ ൅ ߜ௟ ൅ ܽߜ௜௟ ൅ ߚߜ௝௟ ൅ ߛߜ௞௟  ൅ ߙߚߜ௜௝௟ ൅
ߙߛߜ௜௞௟ ൅ ߚߛߜ௝௞௟ ൅ ߙߚߛߜ௜௝௞௟       [2] 
where  is the grand mean, i is the fixed main effect of plant density, j is the fixed main effect of 
hybrid, k is the fixed main effect of N rate, and l is the random effect of location. As such, all 
interactions including l are considered random. Variance components for random effects were calculated 
using Restricted Estimation of Maximum Likelihood (REML). Hybrid performance was calculated using 
Best Linear Unbiased Predictors (BLUPs) when a random interaction including location and hybrid was 
significant at P ≤ 0.05 (Coutiño-Estrada and Vidal-Martínez, 2003 & 2004). 
Two methods for characterizing N response were used in this study. N response for the maximum 
delta method was calculated as the difference in grain yield between the 0 and 252 kg N ha-1 application 
rates. The three N rate method allows for calculation of initial N response (difference in grain yield 
between 0 and 67 kg N ha-1) as well as the maximum delta previously described. Grain yield at low N, 
initial N response, and the difference between maximum and initial N responses were combined into a 
Nitrogen Response Index (NRI) according to: 
NRI = (X · GY0N) + (Y · Δ67N) + (Z · (Δ252N – Δ67N))   [3] 
where X, Y, and Z represent weighting factors that indicate the percentage contributions of grain yield at 
low N (GY0N), initial N response (Δ67N), and the additional yield response between 67 and 252 kg N ha-1 
(Δ252N – Δ67N) to total grain yield measured at 252 kg N ha-1. These weighting factors vary by site-year, 
and the sum of the weighting factors is equal to 100. For each individual hybrid, grain yield at low N, 
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initial N response, and the additional yield response variable were expressed as decimal fractions of their 
respective site-year means. Thus, the average N response index is equal to 100, and individual hybrids 
can possess index values less than, equal to, or greater than 100. Index values not equal to 100 indicate 
that a hybrid deviates from the average N response pattern for a given environment. 
RESULTS AND DISCUSSIONS 
Temperature and precipitation 
Weather conditions following planting were generally favorable for emergence and vegetative 
development in both years. A total of 48.2 cm of precipitation was measured at the Champaign location in 
2010, with approximately 41% of the total occurring in June. The 2010 summer period (June 1st – August 
31st) was warmer than average, with maximum and minimum daily temperatures exceeding the 10 year 
average by approximately 1.5 oC (Table 3.2). Similarly, warmer than average temperatures were recorded 
at both locations in 2011. Averaged across locations in July 2011, minimum and maximum temperatures 
were approximately 2.8 oC greater than normal. These high temperatures were accompanied by less than 
average precipitation during the 2011 reproductive period (July through August), which contributed to 
noticeable kernel abortion in many hybrids. As such, the stressful summer environments of 2010 and 
2011 most likely limited responsiveness to plant density. 
Plant density responses 
Although we did not achieve the target plant densities of 79,072 and 111,195 plants ha-1, the average 
plant densities at harvest represented a 27,520 plants ha-1 difference between the two treatment levels. 
Averaged across site-years, the plant densities measured at harvest were 78,142 plants ha-1 (99% of target) 
and 105,662 plants ha-1 (95% of target). The main fixed effect of plant density on grain yield was not 
significant (P = 0.128; Table 3.3), nor were any of the random interactions of plant density with location 
(variance components not shown). Although the interaction of plant density and N rate was not significant 
for grain yield, there was a clear trend for the response of grain yield to increased density to become less 
negative with increasing fertilizer N rate (Table 3.4). In the highest yielding environment (Champaign, 
2010), the mean grain yields at each plant density level were equal at 252 kg N ha-1. In the lower yielding 
environments of 2011, however, yields trended downward by 0.6 Mg ha-1 (Champaign) and 0.3 Mg ha-1 
(Harrisburg) with increased plant density (Table 3.4). In contrast to grain yield, there were significant 
interactions of plant density and N rate for both kernel number and individual kernel weight (Table 3.3). 
As such, yield components were affected differently by increased plant density as a function of N rate. At 
low N (0 kg N ha-1), increased plant density resulted in a decrease of nearly 350 kernels m-2, while at high 
N (252 kg N ha-1) an average increase of 93 kernels m-2 occurred. Conversely, individual kernel weight 
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was least affected by increased density at low N (mean decrease = 4 mg kernel-1), while at 252 kg N ha-1, 
the average reduction in individual kernel weight was 14 mg kernel-1 in all three site-years. Thus, these 
results suggest that the optimum plant density for an environment or hybrid occurs at the plant density 
which represents a balanced trade-off between the increase in kernel number and the concomitant 
decrease in individual kernel weight. 
The response to N tended to be 0.3 Mg ha-1 and 0.5 Mg ha-1 larger at high density for the intermediate 
and high rates of N, respectively (Table 3.4). The increased N responsiveness at the higher plant density 
did not necessarily result in superior yield because it was counterbalanced by decreased grain yield at low 
N. Furthermore, N uptake was unaffected by plant density at either flowering (R1) or at physiological 
maturity (R6) (Tables 3.3 and 3.4). Although N uptake on a per-plant basis was clearly reduced at high 
density (data not shown), increased density allowed for N uptake to be maintained on a per-area basis. 
Similarly, Shapiro and Wortmann (2006) found that increased plant density did not improve N uptake on 
a per-area basis. The leaves below the ear are responsible for providing reduced carbon to the root system 
(Palmer et al., 1973), thereby promoting sustained root activity and N uptake (Ma and Dwyer, 1998; 
Martin et al., 2005) and as such, shading of the lower canopy in a dense stand might reduce root growth 
and lessen the potential for improved N recovery efficiency on a per-area basis. Accordingly, Ciampitti 
and Vyn (2011) reported that NUE was only increased when both N recovery efficiency and N utilization 
were positively impacted by high plant density.  
There was a significant interaction of plant density and hybrid for grain yield (Table 3.3; P = 0.051). 
Averaged across N rates, 11 of the 12 hybrids exhibited negative responses to increased plant density, 
while 7505VT3 had a positive average response to increased density (Table 3.5). Average plant density 
responses ranged from -1.13 Mg ha-1 (P ≤ 0.01) for 6818VT3 to +0.28 Mg ha-1 (not significant) for 
7505VT3. Although the interaction of plant density, N rate, and hybrid for grain yield was not significant, 
there were three distinct classes of hybrids based on their average responses to increased density (Table 
3.5 and Figure 3.2). This characterization showed that hybrids with the least negative average responses 
to plant density (n = 6) limited the decrease in grain yield associated with supra-optimal plant density 
under unfertilized conditions (mean = -0.56 Mg ha-1, SE ± 0.13 Mg ha-1), while those with the most 
negative plant density responses (n = 5) had an average negative response to increased plant density at 
low N of -1.22 Mg ha-1 (SE ± 0.07 Mg ha-1). Increasing the rate of N fertilizer to 252 kg N ha-1 resulted in 
less negative plant density responses for both groups of hybrids; however, the increase in grain yield 
attributable to increased plant density for the most negative average response group was -0.67 Mg ha-1 at 
252 kg N ha-1 (ranging from -0.24 to -1.24 Mg ha-1). In contrast, the response of grain yield to plant 
density at high N for the least negative average response group with was only -0.2 Mg ha-1 (ranging from 
-0.79 to +0.11 Mg ha-1). One hybrid (7505VT3) possessed a unique plant density x N rate response. At 
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low N, its response to density was negative (-0.53 Mg ha-1); however, at 67 and 252 kg N ha-1, positive 
yield increases of 0.35 and 1.01 Mg ha-1 resulted. These results are in agreement with those of Boomsma 
et al. (2009) who reported that crowding tolerance was contingent on N availability. While increased N 
fertility could partially alleviate yield reductions in response to increased plant density in our study, it is 
clear that certain hybrids possess characteristics which make them more intolerant of high plant densities 
at all levels of N availability. Although we did not directly measure the occurrence of barren plants, it was 
our observation that certain hybrids that responded very negatively to higher plant density (e.g., 6331VT3 
and 6818VT3) exhibited a greater prevalence of barren plants. Environmental stresses, including 
increased inter-plant competition, can have effects on ear initiation and differentiation (Wilson and 
Allison, 1978; Jacobs and Pearson, 1992) and as such, competition sensed at early vegetative growth 
stages may explain why certain genotypes respond poorly regardless of N availability. In our study, 
individual kernel weight decreased in response to high density, and this decrease was not overcome by 
extra N availability. Cox (1996) also reported that leaf CO2 exchange rates and kernel weights were 
decreased by dense stands. Thus, selection for maintained photosynthesis at high density, and 
consequently, increased stability of individual kernel weight, may be an avenue for improving maize 
hybrids for plant density tolerance. 
Nitrogen responses 
Not all hybrids responded similarly to N fertilizer, as suggested by the significant interaction of 
hybrid and N rate (Table 3.3; P = 0.044). Furthermore, the random interaction of location, hybrid, and N 
rate was significant (P ≤ 0.05), and the variance component associated with this three-way interaction was 
approximately 2.1 times larger than the location x hybrid variance component (results not shown). As 
such, best linear unbiased predictors (BLUPs) were used to estimate grain yield and its response to 
applied N for each hybrid by location (Table 3.6). The difference between the lowest and highest yielding 
hybrids ranged from 1.4 to 2.2 Mg ha-1 depending on the level of N fertilizer and location. The genetic 
ranges in grain yield response to N fertilizer were approximately 1.3 and 2.1 Mg ha-1 at 67 and 252 kg N 
ha-1, respectively. Although each location had a clear effect on grain yield and N response (Tables 3.4 and 
3.6), hybrid performance was highly and significantly correlated between locations (Table 3.7). Thus, 
hybrids tended to rank similarly for grain yield and N response between locations, and we interpret the 
significant location x hybrid x N rate interaction as an indication of relatively minor changes in ranking 
for grain yield and the magnitude of N response for individual hybrids between locations. The large 
genetic range for maximum N response and the consistency of responsiveness for individual hybrids 
between locations suggest that commercial maize hybrids can be characterized for N response. 
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Additionally, this information could possibly be used an indication of a hybrid’s yield potential or N 
management requirements.  
To better characterize a hybrid’s maximum response to N (i.e., the maximum delta approach), the 
twelve hybrids were subdivided into three groups (low, medium, and high; Table 3.8). Each group 
contained four hybrids, and the mean maximum N responses were 4.5, 5.3 and 5.6 Mg ha-1 for the low, 
medium, and high groups, respectively. At low N (0 kg N ha-1), the low and medium response groups had 
identical grain yields (4.8 Mg ha-1), while the high response group trended 0.5 Mg ha-1 lower. Although 
the high response group had an average maximum N response of 5.6 Mg ha-1 compared to 5.3 Mg ha-1 for 
the medium response group, the medium and high response groups had similar grain yields (10.0 vs. 10.1 
Mg ha-1) at 252 kg N ha-1. Therefore, a large N response is not necessarily indicative of increased yield 
potential, particularly if the N responsiveness is offset by reduced tolerance to low N. There were no clear 
trends in the timing of acquisition or amount of N uptake between the three maximum N response 
categories (Table 3.9). Averaged across N rates, N uptake at flowering (R1) represented between 70 and 
74% of total uptake at physiological maturity (R6). At the highest rate of N fertilizer, each group 
accumulated between 186 and 191 kg N ha-1. Similarly, at low N, each group accumulated between 60 
and 65 kg N ha-1. Therefore, differences in N response between groups are likely reflective of underlying 
N utilization characteristics (i.e., grain yield per unit of N uptake) as opposed to N uptake per se. 
Although kernel weight response to N was similar between groups, there was a clear difference in the 
response of kernel number to increased N (Table 3.9). The low, medium, and high groups responded with 
1561, 1925, and 1984 additional kernels (m-2) when N was increased from 0 to 252 kg N ha-1. The 
assertion that genotypic differences in the response of kernel number to N are underpinned by differences 
in N utilization is supported by D’Andrea et al. (2008), who found that genotypic variability for kernel 
number measured on a per-plant basis was related to N mediated effects on biomass partitioning to the ear 
rather than N accumulation in the ear.  
The maximum delta approach relies on calculating the difference between the unfertilized check plot 
treatment (0 kg N ha-1) and the plot receiving 252 kg N ha-1. Therefore, a large maximum N response can 
be achieved by having a low check plot yield. This scenario was evident with one hybrid (6331VT3) 
categorized within the high N response category, which had the lowest check plot yield in all three 
environments, and the largest maximum N response at two of the three locations (Table 3.6). Therefore, 
additional phenotyping approaches that account for low N tolerance and initial N response may be more 
suitable for discriminating hybrids based on their N use. 
A three N rate approach was used to categorize hybrids based on their tolerance of low N, initial N 
response at 67 kg N ha-1, and maximum N response at 252 kg N ha-1 (Figure 3.1). These factors were 
combined into a Nitrogen Response Index (NRI; Equation 3) using weighting factors that indicate the 
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relative contributions of grain yield at low N, initial N response, and the difference between maximum 
and initial N responses to total grain yield measured at 252 kg N ha-1 (Table 3.10). Grain yield at low N 
contributed between 36% (Harrisburg, 2011) and 57% (Champaign, 2010) to total grain yield. The 
contribution of initial N response to total grain yield was more stable across environments (mean = 27%), 
suggesting that an intermediate rate of N (e.g., 67 kg N ha-1) may be valuable for characterizing the N 
response of hybrids across diverse locations with varying potential for N loss or yield. Grain yield at low 
N and the additional yield gained by increasing the input of N fertilizer from 67 to 252 kg N ha-1 (Δ252N – 
Δ67N) were inversely related. For example, the environment with the largest contribution from grain yield 
at low N (Champaign, 2010; 57%) possessed the smallest contribution from the (Δ252N – Δ67N) factor 
(15%), while the environment with the smallest contribution from grain yield at low N (Harrisburg, 2011; 
36%) was heavily dependent on N fertilizer beyond 67 kg N ha-1 (35%). Based on the NRI model, hybrids 
with an ‘average’ N response type for an environment would have an index value equal to 100. Thus, 
hybrids with index values in excess of 100 have superior performance for one or more components of the 
NRI model. Despite widely varying N loss and yield potential between the three locations, six hybrids 
possessed index values consistently in excess of 100 (Table 3.10). At 252 kg N ha-1, these six hybrids 
produced an average grain yield that was approximately 0.75 Mg ha-1 greater than the six hybrids that 
were not selected using the NRI (Table 3.6). Therefore, the three N rate approach may not be superior to 
traditional yield testing for selecting hybrids with the greatest yield potential, but this approach is more 
effective than the maximum delta method for excluding hybrids with poor performance at low N (e.g., 
6331VT3). Furthermore, characterization of hybrids under unfertilized conditions and an intermediate 
rate of N fertilizer may provide extra information on the potential agronomic management requirements 
of individual hybrids. For example, 7505VT3 possessed average responsiveness to application of N at 67 
kg N ha-1, but had above average responsiveness to additional N (Δ252N – Δ67N) suggesting that this hybrid 
likely requires a higher rate of applied N to achieve maximum yield. In comparison, a hybrid such as 
6463VT3 with above average initial N responsiveness in each environment may require a lower optimum 
N rate for yield, and could be more suitable for minimizing the risk of decreased yield from N loss. 
CONCLUSIONS 
Although only twelve hybrids were evaluated in this study, considerable genetic variation was 
observed for responses to plant density and N fertilizer. Furthermore, an individual hybrid’s response 
characteristics were generally consistent across environments. Together, these results suggest that hybrids 
can be specifically screened and selected for optimal responses to high-input cropping systems or for 
greater yield stability in low N environments. In comparison to the maximum delta approach, a screening 
approach utilizing an additional intermediate N treatment allowed for identification of high-yielding 
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hybrids that are also tolerant of low N, and which possess large, efficient responses to reduced application 
of fertilizer N. This three N rate approach is a satisfactory compromise between the maximum delta 
approach (2 N rates), and expensive field trials which attempt to characterize a hybrid’s full N response 
curve (5-6 N rates). In conclusion, we recommend that commercial maize hybrids be routinely evaluated 
under low N and increased plant density to better identify stress-tolerant, plant density responsive 
germplasm that will contribute to future advances in grain yield. 
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FIGURES AND TABLES 
 
 
 
Figure 3.1. Rationale for N fertilizer rates used to characterize the performance of twelve 
maize hybrids evaluated at Champaign, IL in 2010 and 2011 and at Harrisburg, IL in 2011. 
The N response curve is based on the yields of 49 commercial hybrid entries grown at 
Champaign, IL between 2008 and 2010 (Haegele and Below, unpublished data). N rates were 
chosen to characterize grain yield at low N (0 kg N ha-1), the initial slope of the N response 
curve at 67 kg N ha-1, and the maximum response achieved at 252 kg N ha-1. 
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Table 3.1. Maize hybrids evaluated at Champaign, IL in 2010 and 2011, and at Harrisburg, 
IL in 2011. A common male parent is shared by 6125VT3, 6425VT3/P, 6525VT3, and 
6725VT3. A common male parent is also shared by 6463VT3 and 6763VT3. Three hybrids 
(6178VT3/P, 6818VT3, and 7505VT3) share a common female parent. Information on 
hybrids obtained from the supplier’s seed guide (Croplan Genetics, 2010). 
Entry Hybrid Relative maturity
1 6125VT3 109 
2 6178VT3/P 111 
3 6286VT3/P 113 
4 6331VT3 111 
5 6425VT3/P 112 
6 6463VT3 112 
7 6525VT3 112 
8 6725VT3 113 
9 6763VT3 114 
10 6818VT3 114 
11 6926VT3/P 114 
12 7505VT3 115 
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Table 3.2. Average monthly weather data at Champaign, IL and Harrisburg, IL for 
the period between 1 May and 30 September in 2010 (Champaign only) and 2011 
(both locations). Tmin and Tmax are the minimum and maximum daily temperatures, 
respectively. Values in parentheses are the deviations from the 10-yr averages (2002-
2011) at their respective locations. 
Location Month Tmin Tmax Precipitation 
  ------------------------------ oC ------------------------------ ---------- cm ---------- 
Champaign, 2010 May 12.7 (+1.7) 24.2 (+0.9) 7.8 (- 1.5) 
 June 18.7 (+2.0) 29.4 (+0.9) 19.8 (+10.2) 
 July 19.7 (+1.3) 31.1 (+1.1) 9.0 (- 2.9) 
 August  19.1 (+1.4) 31.8 (+2.4) 4.0 (- 4.1) 
 September 13.2 (- 0.1) 26.6 (+0.3) 7.6 (+0.1) 
     
Champaign, 2011 May 11.4 (+0.5) 22.6 (- 0.6) 12.2 (+3.0) 
 June 17.5 (+0.9) 28.4 (- 0.1) 10.7 (+1.0) 
 July 21.1 (+2.7) 32.9 (+2.9) 4.0 (- 8.0) 
 August  17.6 (- 0.1) 31.0 (+1.6) 4.5 (- 3.6) 
 September 12.0 ( -1.4) 23.8 (- 2.4) 7.1 (- 0.5) 
     
Harrisburg, 2011 May 13.1 (- 0.3) 23.0 (- 1.0) 7.6 (+0.2) 
 June 19.0 (+0.9) 29.7 (+0.6) 15.3 (+9.8) 
 July 22.0 (+2.8) 32.8 (+2.7) 2.5 (- 1.2) 
 August  19.4 (+0.8) 31.4 (+0.7) 3.0 (+0.3) 
 September 13.8 (- 0.6) 24.8 (- 2.1) 15.1 (+9.0) 
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Table 3.3. Tests of fixed sources of variation. A linear mixed model approach was used to analyze the 
measured traits across both years of the study. Replication nested within location was included as a random 
effect. 
 Analysis of variance 
Trait 
Plant  
density (D) Hybrid (H) D x H N rate (N) D x N H x N D x H x N 
 -------------------------------------------------------------------------------------------------------- P > F -------------------------------------------------------------------------------------------------------- 
Grain yield 0.128 <0.001 0.051 <0.001 0.232 0.044 0.506 
Response to N 0.127 0.005 0.121 0.005 0.564 0.558 0.932 
Kernel number 0.410 0.012 0.154 0.001 0.047 0.023 0.835 
Kernel weight 0.002 0.013 0.553 0.007 0.004 0.542 0.044 
R1 N uptake 0.380 <0.001 0.860 0.025 0.136 0.064 0.071 
R6 N uptake 0.690 0.027 0.402 0.035 0.801 0.602 0.966 
 
 
  
 
 
 
 
Table 3.4. BLUP estimates of grain yield, response of grain yield to N fertilizer, yield components, and N uptake at two levels of plant density 
and three levels of N fertilizer rate. N uptake was only measured at the Champaign location in 2010 and 2011. 
Location Plant density N rate Grain yield 
Response 
to nitrogen 
Kernel 
number 
Kernel 
weight 
R1 N 
uptake 
R6 N 
uptake 
 plants ha-1 kg N ha-1 -------------- Mg ha-1 -------------- m-2 mg kernel-1 -------------- kg N ha-1 -------------- 
Champaign, 78,142 0 6.8 — 2954 227 85 96 
2010  67 9.8 3.0 4036 243 126 155 
  252 11.3 4.7 4339 259 152 219 
 105,662 0 6.1 — 2744 223 74 88 
  67 9.5 3.3 4087 232 114 148 
  252 11.3 5.2 4619 245 146 213 
         
Champaign, 78,142 0 4.8 — 2524 193 51 78 
2011  67 7.1 2.3 3452 207 75 117 
  252 9.5 4.7 4346 220 102 164 
 105,662 0 3.8 — 2005 190 44 71 
  67 6.3 2.6 3117 196 68 110 
  252 8.9 5.2 4244 206 100 158 
         
Harrisburg, 78,142 0 3.5 — 1370 259 — — 
2011  67 5.9 2.3 2172 270 — — 
  252 8.9 5.3 2969 298 — — 
 105,662 0 2.7 — 1050 255 — — 
  67 5.4 2.6 2060 260 — — 
  252 8.6 5.8 3069 284 — — 
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Table 3.5. Grain yields of twelve maize hybrids grown at two levels of plant density in Illinois in 
2010 and 2011. Values are mean grain yields averaged across three site-years and three levels (0, 
67, 252 kg N ha-1) of nitrogen availability. 
 Grain yield   
Hybrid 79,072 plants ha-1 111,195 plants ha-1  Response to density 
 ---------------------------- Mg ha-1 ----------------------------- Mg ha-1 
6125VT3 7.6 7.2 -0.37 
6178VT3/P 7.0 6.6 -0.40 
6286VT3/P 7.3 6.8 -0.47 
6331VT3 7.0 5.9 -1.07** 
6425VT3/P 7.7 7.3 -0.40 
6463VT3 8.1 7.8 -0.33 
6525VT3 7.7 6.7 -0.98* 
6725VT3 7.8 7.5 -0.23 
6763VT3 7.8 7.0 -0.82* 
6818VT3 7.2 6.0 -1.13** 
6926VT3/P 7.7 7.0 -0.79* 
7505VT3 7.4 7.7 +0.28 
* Response to density significant at P ≤ 0.05  
** Response to density significant at P ≤ 0.01  
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Figure 3.2. N response patterns of hybrids with contrasting tolerances to increased plant 
density. Groups of hybrids were assigned based on their mean responses to increased density 
averaged across N rates and locations. Means plotted ± standard error. 
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Table 3.6. BLUP estimates of grain yields and N responses of twelve maize hybrids grown during three site-
years in Illinois. Initial and maximum N responses are the differences in grain yield between the unfertilized 
check plot treatment (0 kg N ha-1) and plots receiving 67 and 252 kg N ha-1, respectively.  
  Grain yield  N response 
Location Hybrid 0 kg N ha-1 67 kg N ha-1 252 kg N ha-1  Initial Maximum 
  -------------------------------------------------------------------------- Mg ha-1 -------------------------------------------------------------------------- 
Champaign, 2010 6125VT3 6.4 10.0 11.7  3.5 5.2 
 6178VT3/P 6.0 8.8 10.4  2.7 4.4 
 6286VT3/P 6.3 9.2 10.9  3.0 4.7 
 6331VT3 5.5 9.3 10.8  3.9 5.3 
 6425VT3/P 6.3 9.8 11.7  3.4 5.2 
 6463VT3 6.8 10.4 12.0  3.6 5.2 
 6525VT3 6.5 9.4 11.1  2.8 4.6 
 6725VT3 6.9 10.0 11.7  3.0 4.8 
 6763VT3 6.9 10.0 11.1  3.1 4.7 
 6818VT3 6.4 9.1 10.3  2.6 3.8 
 6926VT3/P 6.7 10.0 11.7  3.4 5.1 
 7505VT3 6.3 9.6 12.1  3.1 5.8 
           
Champaign, 2011 6125VT3 4.2 6.8 9.5  2.6 5.3 
 6178VT3/P 4.3 6.3 8.5  2.1 4.1 
 6286VT3/P 4.0 5.9 9.0  2.0 5.2 
 6331VT3 2.8 5.9 8.6  3.1 5.8 
 6425VT3/P 4.8 7.0 9.8  2.2 5.1 
 6463VT3 4.8 7.8 9.6  3.1 4.9 
 6525VT3 4.6 6.9 9.1  2.3 4.5 
 6725VT3 5.0 7.0 9.8  2.0 4.9 
 6763VT3 4.2 7.1 9.1  2.9 5.0 
 6818VT3 4.3 5.9 8.0  1.7 3.8 
 6926VT3/P 4.1 6.8 9.4  2.7 5.3 
 7505VT3 4.5 6.9 9.8  2.5 5.3 
           
Harrisburg, 2011 6125VT3 3.1 5.8 8.9  2.7 5.8 
 6178VT3/P 3.4 5.3 8.1  1.9 4.7 
 6286VT3/P 3.1 5.5 9.3  2.3 6.1 
 6331VT3 1.7 4.6 8.5  2.8 6.8 
 6425VT3/P 3.4 5.8 8.9  2.5 5.5 
 6463VT3 3.7 6.7 9.5  3.0 5.7 
 6525VT3 3.3 5.7 8.3  2.4 5.0 
 6725VT3 3.6 6.0 8.8  2.5 5.1 
 6763VT3 3.2 6.1 9.0  2.8 5.8 
 6818VT3 3.1 4.8 7.5  1.8 4.4 
 6926VT3/P 2.9 5.7 8.9  2.8 5.9 
 7505VT3 3.4 5.7 9.5  2.4 6.1 
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Table 3.7. Correlations between environments for hybrid performance for grain yield at 0 kg N ha-1 
and maximum N response measured at 252 kg N ha-1 (n = 12). Environments were Champaign, 2010 
(CU2010); Champaign, 2011 (CU2011); and Harrisburg, 2011 (HB2011).  
 Grain yield at 0 kg N ha-1  N response at 252 kg N ha-1 
 CU2010 CU2011 HB2011  CU2010 CU2011 HB2011 
CU2010 1    1   
CU2011 0.72** 1   0.85*** 1  
HB2011 0.69* 0.95*** 1  0.77** 0.95*** 1 
* Significant at P ≤ 0.05  
** Significant at P ≤ 0.01  
*** Significant at P ≤ 0.001 
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Table 3.8. Average grain yields of hybrids grouped by maximum N response (i.e., maximum delta 
approach). N response categories were assigned by ranking hybrids from lowest response to highest 
response, and then by dividing the ranked list into three groups of four hybrids each. Means are the 
average yields of the hybrids contained within each group ± standard error. 
  Grain yield 
N response category Hybrids 0 kg N ha-1 252 kg N ha-1 Max. N response 
  ------------------------------------------------------ Mg ha-1 ------------------------------------------------------ 
Low 6178VT3/P 
4.8 ± 0.14 9.3 ± 0.32 4.5 ± 0.19  6525VT3  6725VT3 
 6818VT3 
     
Medium 6286VT3/P 
4.8 ± 0.13 10.1 ± 0.12 5.3 ± 0.03  6425VT3/P  6463VT3 
 6763VT3 
     
High 6125VT3 
4.3 ± 0.32 10.0 ± 0.24 5.6 ± 0.13  6331VT3  6926VT3/P 
 7505VT3 
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Table 3.9. Yield component and N uptake characteristics of three groups of hybrids identified using the 
maximum delta approach. Values are the means of each group averaged across locations and plant densities ± 
standard error. N uptake was only measured at the Champaign location in 2010 and 2011. 
  Yield components  N uptake 
N response N rate 
Kernel 
weight 
Kernel 
number  R1 R6 Post-flowering† 
 kg N ha-1 mg kernel-1 m-2  ------------ kg N ha-1 ------------ % 
Low 0 229 ± 7.7 2137 ± 53  65 ± 3 87 ± 2 26 
 67 238 ± 7.6 3033 ± 49  94 ± 7 136 ± 5 30 
 252 257 ± 7.8 3698 ± 32  124 ± 1 191 ± 8 35 
        
Medium 0 219 ± 3.3 2216 ± 67  65 ± 1 85 ± 3 24 
 67 228 ± 3.6 3341 ± 148  100 ± 5 133 ± 6 25 
 252 245 ± 4.3 4141 ± 88  133 ± 3 189 ± 4 30 
        
High 0 225 ± 4.6 1970 ± 162  60 ± 3 78 ± 5 23 
 67 238 ± 4.1 3087 ± 101  94 ± 2 129 ± 3  27 
 252 255 ± 3.0 3954 ± 115  117 ± 4 186 ± 5 37 
† Post-flowering N uptake: [(R6 N content – R1 N content)/R6 N content] × 100. 
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Table 3.10. BLUP estimates and N Response Index (NRI) values of twelve commercial maize hybrids grown 
during three site-years in Illinois. Weighting factors (%) represent the average contributions of each 
component of the N response curve (grain yield at low N, initial N response, and maximum – initial N 
response) to total grain yield at 252 kg N ha-1 within each site-year. An NRI value greater than or less than 
100 suggests that a hybrid deviates from the average N response curve for one or more components of the 
curve. 
Location Hybrid 
Grain yield at 
low N 
Initial N 
response 
Max – Initial N 
response 
N Response 
Index (NRI) 
  Mg ha-1 Index Mg ha-1 Index Mg ha-1 Index Index 
Champaign, 6125VT3 6.4 57 3.5 31 1.7 15 103 
2010 6178VT3/P 6.0 53 2.7 24 1.7 15 92 
 6286VT3/P 6.3 56 3.0 26 1.7 15 97 
 6331VT3 5.5 49 3.9 34 1.5 13 96 
 6425VT3/P 6.3 56 3.4 30 1.9 16 102 
 6463VT3 6.8 60 3.6 32 1.6 14 106 
 6525VT3 6.5 58 2.8 25 1.8 16 98 
 6725VT3 6.9 62 3.0 26 1.8 16 104 
 6763VT3 6.9 62 3.1 28 1.6 14 104 
 6818VT3 6.4 57 2.6 23 1.2 11 91 
 6926VT3/P 6.7 59 3.4 30 1.7 15 104 
 7505VT3 6.3 56 3.1 28 2.6 23 107 
 Location mean 6.4  3.2  1.7   
 Weighting factors  57  28  15  
         
Champaign,  6125VT3 4.2 46 2.6 29 2.6 28 103 
2011 6178VT3/P 4.3 47 2.1 22 2.1 23 92 
 6286VT3/P 4.0 43 2.0 21 3.2 35 99 
 6331VT3 2.8 31 3.1 33 2.7 29 93 
 6425VT3/P 4.8 52 2.2 24 2.9 31 108 
 6463VT3 4.8 52 3.1 34 1.8 19 105 
 6525VT3 4.6 50 2.3 25 2.2 24 99 
 6725VT3 5.0 55 2.0 22 2.9 31 108 
 6763VT3 4.2 46 2.9 32 2.1 23 100 
 6818VT3 4.3 46 1.7 18 2.2 24 88 
 6926VT3/P 4.1 45 2.7 29 2.6 29 103 
 7505VT3 4.5 49 2.5 27 2.8 31 107 
 Location mean 4.3  2.4  2.5   
 Weighting factors  47  26  27  
         
Harrisburg, 6125VT3 3.1 35 2.7 31 3.1 35 101 
2011 6178VT3/P 3.4 39 1.9 22 2.8 32 93 
 6286VT3/P 3.1 35 2.3 26 3.8 44 105 
 6331VT3 1.7 20 2.8 32 4.0 45 97 
 6425VT3/P 3.4 39 2.5 28 3.0 34 102 
 6463VT3 3.7 42 3.0 34 2.8 32 108 
 6525VT3 3.3 38 2.4 28 2.6 29 95 
 6725VT3 3.6 41 2.5 28 2.6 30 99 
 6763VT3 3.2 37 2.8 32 3.0 34 103 
 6818VT3 3.1 35 1.8 20 2.7 31 86 
 6926VT3/P 2.9 33 2.8 32 3.1 36 101 
 7505VT3 3.4 39 2.4 27 3.7 42 108 
 Location mean 3.2  2.5  3.1   
 Weighting factors  36  28  35  
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CHAPTER 4 
CHARACTERIZING THE MANAGEMENT POTENTIAL OF MAIZE 
HYBRIDS THROUGH THE USE OF NITROGEN AND PLANT DENSITY 
RESPONSE TRIALS 
 
ABSTRACT 
Selecting appropriate maize hybrids remains one of the most important and challenging decisions that 
a maize grower makes each year. This decision is complicated by numerous considerations including 
yield potential, biotech traits, agronomic and disease resistance characteristics, stress tolerance, relative 
maturity, and seed cost. Hybrid selection for progressive maize growers who seek to increase the 
profitability of their farming operations through intensive crop management is even more complicated 
due to the importance of identifying genetics with high yield potential and responsiveness to agronomic 
inputs like nitrogen (N) and increased plant density. Unfortunately, there is a paucity of available 
information on the N responses and plant density tolerance of currently available maize hybrids. To 
address this need, we developed an evaluation system in 2011 to characterize the Management Yield 
Potential (MYP) of twenty-four hybrids using carefully selected N and plant density treatments. 
Under standard agronomic conditions (79,000 plants ha-1 and 270 kg N ha-1), grain yields of the top 
sixteen hybrids were not significantly different (LSD0.10 = 0.8 Mg ha-1) with an average grain yield of 9.9 
Mg ha-1. Grain yield under optimal conditions, however, does not indicate which hybrids have the 
potential to respond to increased plant population density, or those that might better tolerate N loss. 
Therefore, we calculated response to population (RTP) and response to nitrogen (RTN) scores, and 
combined a hybrid’s individual scores into a MYP index to identify the hybrids that are suitable to extra 
management. Based on the MYP index (values ≥ 15), only 5 of the 24 hybrids possessed both high RTN 
and high RTP characteristics. Similarly, we calculated check plot yield (CPY; grain yield at 0 kg N ha-1) 
and initial N response (InitR; increase in grain yield between 0 and 67 kg N ha-1) scores to identify 
hybrids that might tolerate N loss or reduced application of fertilizer N. Based on the subsequent N loss 
tolerance index (values ≥ 15), only 4 of the 24 hybrids had exceptional tolerance of low N. Two of the 
four hybrids were also classified into the high MYP category, suggesting that some hybrids can have 
good yields under low input management systems, and even higher yields with extra management. 
Hybrids that fell into both categories had the common characteristic of possessing high grain yield at low 
N. Based on these results, we conclude that hybrids should be routinely evaluated at low N and super-
optimal density to identify superior genotypes with high yield potential, tolerance to increased plant 
density, and better yield stability across environments with varying potential for N loss.  
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INTRODUCTION 
Through our efforts to quantify the impact from major management factors like fertility, nitrogen, 
hybrid, population, and foliar fungicide use on maize grain yield (Crop Physiology Laboratory omission 
plot trials), we have documented that a yield increase of as much as 3.2 Mg ha-1 can result from a systems 
approach that implements each of these factors in concert (Ruffo et al., 2009). Using an appropriate 
hybrid is an essential component of this high-yield system, because not all hybrids are created equal in 
their ability to use N and to respond positively to increased population. It is often difficult to identify 
hybrids with these characteristics from companies’ seed guides or from third-party variety testing reports, 
especially since hybrids with high yields under ‘standard’ levels of agronomic inputs might not always be 
suited to increased plant density. 
 The agronomic and economic responses of maize grain yield to plant density have been studied 
extensively (Farnham, 2001; Bruns and Abbas, 2005; Shapiro and Wortmann, 2006; Coulter et al., 2010; 
Coulter et al., 2011), and these studies along with concurrent university extension research typically 
recommend economically optimum plant densities for the central U.S. maize growing region that are 
between 74,000 and 89,000 plants ha-1 (Nafziger, 2008; Elmore and Abendroth, 2009; Nielsen, 2012). 
Generally, hybrid x plant density interaction is not a focus of these studies, leading to recommendations 
that may be conservative for some hybrids. Contrasting responses of different germplasm sources to plant 
density have been documented (Troyer and Rosenbrook, 1983; Cox et al., 1996; Sarlangue et al., 2007; 
Brekke et al., 2011; Berzsenyi and Tokatlidis, 2012), yet there is a scarcity of hybrid x plant density 
interaction data for current, leading commercial hybrids. With the current goal of doubling average maize 
grain yields in the U.S. (Edgerton, 2009), increasing plant density becomes a particularly important 
strategy, because it is clear that densities around 111,200 plants ha-1 will be required to routinely achieve 
grain yields ≥ 16 Mg ha-1 (300 bu acre-1) (Figure 4.1). This prediction assumes that genetic improvement 
and refined agronomic management practices can increase the number of kernels per plant at higher 
densities, while maintaining individual kernel weight (Figure 4.1). Therefore, to achieve this goal, it is 
imperative to identify and utilize hybrids that can tolerate an increased level of inter-plant competition 
under stressful environmental conditions, and then respond with additional yield when environmental and 
agronomic factors are favorable (Tokatlidis and Koutroubas, 2004; Boomsma et al., 2009). 
Maize hybrids also respond differently to N availability (Tsai et al., 1984; Smiciklas and Below, 
1990; Coque and Gallais, 2007; D’Andrea et al., 2008), and there are often unique combinations of plant 
density and N fertility required to optimize grain yield for individual hybrids (Carlone and Russell, 1987). 
Despite apparent genetic differences in N response characteristics, current N management 
recommendations are not routinely tailored to hybrids with unique response patterns or those with better 
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tolerance of low N. Since plant density and N application rate are two agronomic factors that interact 
heavily with hybrid genetics, we propose that a system of characterizing the management potential of 
hybrids by combining nitrogen and plant density response trials is needed to identify hybrids for 
contrasting levels of management intensity. As such, the objectives of our 2011 Management Yield 
Potential Trial were to i) demonstrate that current, leading commercial hybrids can be differentiated based 
on their N and plant density response types, and ii) to combine this information into an easily understood 
format for farmer and industry audiences. We envision that this trial and resulting yield data will be used 
to select ‘racehorse’ type hybrids which respond to both N and increased plant density, as well as 
‘workhorse’ type hybrids that have good yield potential as a result of reduced input of fertilizer or 
environmentally induced N loss      
MATERIALS AND METHODS 
Experimental design, treatments, and agronomic practices 
Our approach to characterizing a hybrid’s Management Yield Potential (MYP) includes evaluating its 
check plot yield (yield with no added N), initial response to 67 kg N ha-1, and maximum yield achieved 
with unlimiting N (270 kg N ha-1) under two levels of plant density (79,000 and 111,200 plants ha-1). The 
hybrids evaluated in 2011 represented a range of seed sources (5), relative maturities (107-115 RM), and 
insect protection trait technologies (Agrisure®, YieldGard®, Herculex® XTRA, and SmartStax®) (Table 
4.1). 
The experiment was in a strip-plot with split-plot arrangement in a randomized complete block design 
with four replications per location (Milliken and Johnson, 2009). Columns corresponded to the hybrid 
treatments, rows to the N treatments, and sub-rows to the plant density treatments. Each sub-cell 
experimental unit (combination of hybrid, N rate, and plant density) consisted of two rows (5.3 m long 
with 0.76 m spacing). N treatments (0, 67, and 270 kg N ha-1) were hand applied as granular ammonium 
sulfate [(NH4)2SO4; 21-0-0-24S] in a diffuse band between the rows after emergence during the V2-V3 
growth stages (Ritchie et al., 1997). 
Field experiments were conducted during 2011 at the University of Illinois Department of Crop 
Sciences Research and Education Center (CSREC) in Champaign, IL, and at a cooperator’s farm in 
Harrisburg, IL. Plots were planted on 18 May 2011 (Champaign) and 1 June 2011 (Harrisburg). Pre-
emergence weed control consisted of applications of S-metolachlor [2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide], atrazine [6-chloro-N-ethyl-N′-(1-methylethyl)-
1,3,5-triazine-2,4-diamine], and mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-
cyclohexanedione). Post-emergence weed control consisted of glyphosate [N-(phosphonomethyl)glycine]. 
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The plots received an in-furrow application of tefluthrin [2,3,5,6-tetrafluoro-4-methylphenyl)methyl-
(1a,3a)-(Z)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-dimethylcyclopropanecarboxylate] at a rate of 
0.11 kg a.i. ha-1 to control western corn rootworm (Diabrotica virgifera virgifera) larvae. 
 Yield measurements 
At harvest, final plant densities were 80,120 and 113,400 plants ha-1 for the 79,000 and 111,200 
plants ha-1 treatments, respectively. Both rows of each plot were harvested and the moisture level was 
determined. Grain yields are reported as Mg ha-1 at 0% moisture concentration in this manuscript. For 
comparison, 1 Mg ha-1 (0% moisture) is equivalent to 18.8 bu acre-1 at 15.5% moisture. 
Statistical analysis  
Least-square means were calculated for each hybrid x N rate x plant density treatment combination 
using PROC MIXED in SAS 9.2 (SAS Institute, 2009). Means separation ( = 0.10) for the standard 
hybrid evaluation approach shown in Table 4.2 was accomplished using PROC GLM. PROC RANK was 
used to compute decile classes for response to N (RTN), response to population (RTP), check plot yield 
(CPY), and initial response to N (InitR). As such, an individual hybrid’s scores (1 = lowest, 10 = highest) 
for each of these parameters are the decile classes to which the hybrid was assigned. The MYP 
(Management Yield Potential) index (2 = lowest, 20 = highest), which is used to identify hybrids that are 
responsive to both N and increased plant density, was calculated by summing an individual hybrid’s RTN 
and RTP scores. Similarly, the N loss tolerance index (2 = lowest, 20 = highest), which is used to identify 
hybrids that might tolerate N loss or reduced application of fertilizer N, was calculated by summing an 
individual hybrid’s CPY and InitR scores.   
RESULTS AND DISCUSSION 
Grain yields varied from 8.7 to 10.6 Mg ha-1 when hybrids were evaluated with treatment levels 
representative of common maize production recommendations (79,000 plants ha-1 and a high input of N) 
(Table 4.2). Although the top sixteen entries were not statistically different based on a multiple 
comparison test (LSD0.10 = 0.8 Mg ha-1), in practice, a maize grower might select from the top nine 
hybrids which varied by only 0.2 Mg ha-1. The limitation of this type of evaluation approach, however, is 
that no extra information is provided on a hybrid’s response to N or increased plant population density, 
factors which greatly influence its potential for achieving higher yields with extra management. Using our 
approach to characterize a hybrid’s management yield potential, these data show that of these top nine 
entries under standard conditions, only three hybrids (DKC62-97 VT3P, DKC63-84VT3, and DKC65-63 
VT3) were responsive to increased inputs of both N and plant density. Therefore, for a grower utilizing a 
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high input production system, a 67% probability exists for selecting an unsuitable hybrid from among 
these nine hybrids, which would likely result in decreased yield potential and profitability due to plant 
density intolerance and lower N use efficiency. Furthermore, the traditional evaluation approach does not 
indicate which hybrids might have greater yield stability in less than optimal environments, such as when 
N is limiting due to conditions of loss or unavailability. Therefore, we argue that a system for 
characterizing a hybrid’s tolerance of low N, responsiveness to fertilizer N, and response to increased 
plant density is of critical importance for identifying hybrids suitable to both traditional and high input 
maize production systems. 
Although average plant density responses varied due to location, hybrid rankings for plant density 
response tended to be similar (data not shown). At high N, average plant density responses were -0.46 and 
-0.04 Mg ha-1 at Champaign and Harrisburg, respectively. Although total precipitation and temperatures 
were similar at both locations (Figure 4.2), the average check plot yield (grain yield at low N) was 
approximately 22% greater at Harrisburg compared to Champaign. As such, an increase in residual or 
mineralized soil N at Harrisburg might have resulted in reduced inter-plant competition at low N, and a 
more positive response to increased plant density. Hybrids with strongly negative responses at 
Champaign had less negative responses at Harrisburg, while highly responsive hybrids at Harrisburg 
tended to be those hybrids with null or slightly positive responses at Champaign. Averaged across 
locations, nearly half of the entries had positive responses to increased plant density (Figure 4.2). The 
ultra high plant density of 111,200 plants ha-1 is not intended as a recommendation for maize growers, but 
it is likely within the range of plant densities that will be required to routinely achieve grain yields ≥ 16 
Mg ha-1 (i.e., 300 bushels acre-1) (Figure 4.1). Therefore, 111,200 plants ha-1 is an excellent density at 
which to evaluate the biological potential of current germplasm. Individual hybrid plant density responses 
ranged from –1.4 to +0.6 Mg ha-1 at 270 kg N ha-1 when averaged across both locations (Figure 4.3). 
Although 11 of the 24 hybrids had positive responses to increased plant density, only three of these 
hybrids (85V88-3000GT, 7505VT3, and FS 63MV4) would result in enough yield to justify the extra 
seed cost. At current seed costs of approximately $3.75 per 1000 kernels, and maize grain prices around 
$6.50 bushel-1, approximately 0.4 Mg ha-1 of extra yield is required to break-even with the extra seed 
input cost. Therefore, selecting hybrids with good stress tolerance and the ability to respond to increased 
plant density even in challenging environments like 2011 is an additional consideration for risk 
management (Cox, 1996; Tokatlidis and Koutroubas, 2004; Berzenyi and Tokatlidis, 2012).   
Based on a hybrid’s response to increased density and response to N at 270 kg N ha-1, four groups of 
hybrids were characterized (Figure 4.4). Individual plant density responses ranged from –1.4 to +0.6 Mg 
ha-1, while maximum N responses varied from 4.5 to nearly 6.4 Mg ha-1. It is clear from this data that 
selecting a hybrid which possesses responsiveness to both N and increased density (upper right quadrant 
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of Figure 4.4) can result in a substantial yield advantage over hybrids that are unresponsive to both factors 
(+1.2 Mg ha-1, lower left quadrant) or to hybrids that have small N responses (+0.6 Mg ha-1, upper left), or 
N responsive hybrids that are population intolerant (+0.4 Mg ha-1, lower right). Although they have 
similar average grain yields, the groups of hybrids in the upper left and lower right quadrants require 
different management strategies to achieve these yields. The hybrids in the upper left quadrant, while N 
unresponsive, have a larger average check plot yield (average of 4.9 Mg ha-1) than those in the lower right 
quadrant (average of 4.1 Mg ha-1), and likely require a lower optimum N rate to achieve maximum yield. 
In contrast, the hybrids in the lower right quadrant exhibit large N responses (average of 5.8 Mg ha-1) and 
are potentially more susceptible to N loss. N management strategies like side-dress application and use of 
nitrification inhibitors would potentially be of greater value in these hybrids (Tsai and Huber, 1996). 
Although N management is probably not as crucial to the success of hybrids in the upper left quadrant, 
their responsiveness to plant density (average of +0.3 Mg ha-1) suggests that increased seeding rate and 
stand establishment is of greater importance compared to the high population intolerant hybrids (average 
of -0.7 Mg ha-1) of the lower right quadrant. 
 Characterizing a hybrid’s check plot yield is needed to calculate the maximum N response, but check 
plot yield is also an important indicator of a hybrid’s tolerance to increased density. Hybrids with higher 
than average check plot yields were those that had population driven yield increases greater than or equal 
to zero when sufficient N was applied (Figure 4.5). In fact, check plot yield at 79,000 plants ha-1 was a 
better predictor of grain yield at 111,200 plants ha-1 and 270 kg N ha-1 (r2 = 0.66), than it was of grain 
yield at high N when evaluated under the same density (r2 = 0.33).  
High check plot yield along with a large initial N response should be indicators of a ‘workhorse’ 
hybrid; a hybrid that has acceptable yield under low management inputs (low to average density and 
reduced application of fertilizer N) or when applied N fertilizer is lost due to unfavorable weather 
conditions. According to this definition, only five hybrids possessed greater than average check plot 
yields and initial N responses at the standard level of density (Figure 4.5). Three of the five hybrids 
(N68A-3000GT, N74R-3000GT, and DKC63-84 VT3) were also population tolerant hybrids suggesting 
that some hybrids can be ‘dual-purpose’. These hybrids should have high grain yields under standard 
conditions, and even higher yields with extra management. 
MYP and N loss tolerance indices 
These data demonstrate that currently available commercial maize hybrids can vary widely for their 
tolerance of low N, response to fertilizer N, and ability to tolerate or respond to higher population. The 
full value of this data as a decision-making tool for selecting hybrids for different management scenarios 
is realized when the individual responses are combined into indices that identify hybrids with high 
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management potential (MYP index) or hybrids that have ‘workhorse’ characteristics (N loss tolerance 
index) (Table 4.3). 
Based on a hybrid’s maximum response to N and its response to increased population, a score was 
assigned (1 = lowest, 10 = highest) for each response (Table 4.3). These scores were combined into a 
MYP index (2 = lowest, 20 = highest) that is best suited for identifying hybrids with high yield under high 
inputs (r = 0.76, P < 0.0001), but not for identifying hybrids with high yield under standard inputs (r = 
0.54; P < 0.0001). In contrast, the N loss tolerance index (2 = lowest, 20 = highest) identifies hybrids with 
high average yield (r = 0.76; P < 0.0001) due to having a high check plot yield and a large initial response 
to N. 
Returning to the initial example provided by Table 4.2, the nine highest yielding entries under 
standard agronomic evaluation conditions varied by only 0.2 Mg ha-1. When assigned a MYP index, only 
the hybrids ranked 1st (DKC62-97 VT3P) and 3rd (DKC63-84 VT3) would be suitable for increased 
management based on a MYP index ≥ 15 (Table 4.3). Additionally, the MYP index identified the hybrids 
ranked 9th (84S08-4011), 12th (DKC61-21 SSTX), and 14th (7505VT3) under standard conditions as 
having high management potential, further demonstrating that traditional hybrid evaluation approaches 
can often fail to identify hybrids that are suitable to extra management. 84S08-4011 and DKC61-21 
SSTX achieved high MYP index values as a result of intermediate density responses and very high N 
responses (response to N scores of 10). In contrast, 7505VT3 achieved a high MYP index because of 
excellent plant density responsiveness (score of 10) and intermediate N responsiveness (score of 6). 
Surprisingly, only four hybrids would be considered ‘workhorse’ hybrids according to the N loss 
tolerance index (index value ≥ 15) (Table 4.3). Of these four hybrids, two hybrids (DKC62-97 VT3P and 
DKC63-84 VT3) also had high MYP values suggesting that they are ideal for a wide-range of 
management conditions. In contrast, the hybrid ranked 7th (DKC64-69 VT3P) under standard conditions 
is clearly not suitable to intensive management (MYP index = 9), but has good ability to tolerate lower 
management input (N loss tolerance index = 18).  
CONCLUSIONS 
Current, commercial maize hybrids vary widely for their tolerance of low N, response to fertilizer N, 
and ability to tolerate or respond to increased plant density. Together, these parameters influence the 
management potential of a hybrid. Future gains in maize grain yield will require higher plant densities, 
and it is imperative to identify and improve hybrids that can respond favorably to increased plant density. 
Furthermore, high grain yield at low N should be improved in all hybrids as a strategy to increase yield 
potential and stability. These factors can be identified and exploited in current maize germplasm through 
the use of an integrated plant density and nitrogen response trial.  
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FIGURES AND TABLES 
 
 
 
 
 
 
 
Figure 4.1. Effects of plant population density and kernel number per plant on grain 
yield. The dashed horizontal line corresponds to 16 Mg ha-1 (approximately 300 bushels 
acre-1). Calculations assume a constant individual kernel weight of 255 mg kernel-1. A 
grain yield of 10.6 Mg ha-1 (200 bushels acre-1) can be achieved at 79,072 plants ha-1 
(32,000 plants acre-1) and 525 kernels plant-1. In contrast, a 16 Mg ha-1 (300 bushels 
acre-1) grain yield will require approximately 111,195 plants ha-1 (45,000 plants acre-1) 
and 565 kernels per plant. 
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Table 4.1. Commercial maize hybrids and their relative maturities (RM) evaluated in 2011 Management 
Yield Potential Trial at Champaign, IL and Harrisburg, IL. 
Hybrid RM  Hybrid RM 
Garst 85V88-3000GT  107  N72A-3111 112 
Garst 84S08-4011  109  DKC 63-84 VT3 113 
DKC 61-21 SSTX 111  FS 63MV4  113 
FS 61BV3  111  P1395XR  113 
P1184XR  111  P33Z74  113 
N68A-3000GT 111  H-9138 3000GT 113 
N68B-3111 111  Croplan 6914AS3000/GT  114 
N68B-3000GT 111  Croplan 6960VT3/P  114 
Croplan 6160VT3/P  112  DKC 64-69 VT3P 114 
DKC 62-63 VT3P 112  N74R-3000GT 114 
DKC 62-97 VT3P 112  Croplan 7505VT3  115 
P1236XR  112  DKC 65-63 VT3 115 
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Figure 4.2. Daily weather conditions from Julian day 121 (1 May 2011) to Julian 
day 265 (22 September 2011) at Champaign, IL and Harrisburg, IL. Solid and 
dashed lines represent the daily maximum and minimum temperatures, 
respectively. Dotted lines are the 10-yr average daily maximum and minimum 
temperatures. Solid vertical bars are the recorded daily precipitation. 
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Table 4.2. Grain yields measured under standard 
agronomic practices (79,000 plants ha-1 and 270 kg N ha-1) 
in 2011. Values are the averages of two sites.  
Rank Hybrid Grain yield 
  Mg ha-1 
1    DKC 62-97 VT3P 10.6 
2 N68B-3111 10.6 
3    DKC 63-84 VT3 10.6 
4  6914AS3000/GT 10.5 
5  FS 61BV3 10.5 
6    DKC 62-63 VT3P 10.5 
7    DKC 64-69 VT3P 10.4 
8    DKC 65-63 VT3 10.4 
9 84S08-4011 10.4 
10 N68A-3000GT 10.2 
11 N68B-3000GT 10.2 
12  DKC 61-21 SSTX 10.0 
13 H-9138 3000GT 9.9 
14  7505VT3 9.9 
15  1184XR 9.9 
16 N74R-3000GT 9.8 
17  6960VT3/P 9.7 
18  6160VT3/P 9.2 
19  63MV4 9.1 
20 N72A-3111 9.0 
21 85V88-3000GT 8.9 
22  33Z74 8.9 
23  1395XR 8.8 
24  1236XR 8.7 
   
 Average 9.9 
 LSD0.10 0.8 
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Figure 4.3. Hybrid responses to increased plant density evaluated at 270 kg N ha-1. 
Each vertical bar represents individual hybrids sorted in order of increasing plant 
density response. Responses are averaged across two locations in IL. 
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Figure 4.4. Response to plant density (evaluated at 270 kg N ha-1) plotted versus 
maximum response to N (averaged across densities). Each point represents an 
individual hybrid. Values are averaged across two locations. Dashed lines represent 
average responses to density (-0.2 Mg ha-1) and N (5.3 Mg ha-1). Yields shown in each 
corner are the mean yields at 270 kg N ha-1 for their respective quadrants. 
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Figure 4.5. Relationship between initial N response (difference in yield between 0 and 
67 kg N ha-1) and check plot yield at 79,000 plants ha-1. Each point represents an 
individual hybrid. Values are averaged across two locations. Dashed lines represent 
the average initial response to N (2.3 Mg ha-1) and the average check plot yield (4.9 
Mg ha-1). Density intolerant and tolerant designations were assigned based on a 
hybrid’s response to increased plant density at 270 kg N ha-1. 
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Table 4.3. MYP and N loss tolerance indices for the hybrids included in the 2011 Management Yield Potential 
Trial. Scores are assigned based on a rating scale (1 = lowest, 10 = highest). Indices are the sum of a hybrid’s 
individual scores (2 = lowest, 20 = highest). Abbreviations: RTP (response to population score), RTN 
(response to nitrogen score), CPY (check plot yield score), InitR (Initial N response score). 
  MYP index  N loss tolerance index 
Rank† Hybrid RTP RTN Index  CPY InitR Index 
         
1 DKC 62-97 VT3P 9 6 15  10 6 16 
2 N68B-3111 1 5 6  7 4 11 
3 DKC 63-84 VT3 9 8 17  9 8 17 
4 6914AS3000/GT 8 3 11  10 5 15 
5 FS 61BV3 2 8 10  5 4 9 
6 DKC 62-63 VT3P 2 9 11  3 10 13 
7 DKC 64-69 VT3P 4 5 9  9 9 18 
8 DKC 65-63 VT3 7 7 14  8 5 13 
9 84S08-4011 5 10 15  3 9 12 
10 N68A-3000GT 7 7 14  6 7 13 
11 N68B-3000GT 3 9 12  4 7 11 
12 DKC 61-21 SSTX 6 10 16  2 10 12 
13 H-9138 3000GT 8 4 12  9 2 11 
14 7505VT3 10 6 16  7 1 8 
15 1184XR 5 7 12  5 3 8 
16 N74R-3000GT 7 3 10  8 3 11 
17 6960VT3/P 3 9 12  2 9 11 
18 6160VT3/P 4 2 6  4 8 12 
19 FS 63MV4 10 2 12  6 7 13 
20 N72A-3111 5 4 9  3 5 8 
21 85V88-3000GT 9 1 10  7 2 9 
22 33Z74 6 1 7  5 3 8 
23 1395XR 3 5 8  1 6 7 
24 1236XR 1 3 4  1 1 2 
† Rank based on grain yield under standard hybrid evaluation practices (79,000 plants ha-1 and 270 kg N ha-1). 
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CHAPTER 5 
TRANSGENIC CORN ROOTWORM PROTECTION INCREASES GRAIN 
YIELD AND NITROGEN USE OF MAIZE 
 
ABSTRACT 
The wide spread use of maize (Zea mays L.) hybrids possessing transgenic insect resistance could 
have agronomic benefits that extend beyond control of insect pests. In particular, hybrids expressing 
Bacillus thuringiensis (Bt) derived resistance to corn rootworm (Diabrotica spp.) might have improved 
uptake of N as a result of improved root size, distribution, or activity. Our hypothesis was that corn 
rootworm protected transgenic maize hybrids exhibit increased N uptake, resulting in higher grain yield 
and improved N use efficiency (NUE) relative to their non-protected counterparts. 
In 2008 and 2009, two transgenic corn rootworm resistant (Bt) hybrids along with their counterpart 
non-Bt hybrids were evaluated at Champaign, IL. These hybrids were grown under five levels of fertilizer 
N application ranging from 0 to 268 kg N ha-1 in 67 kg N ha-1 increments. Corn rootworm injury was 
minimal in the experimental plots; the average root node-injury score across all hybrids in 2008 was 
approximately 0.11 on a 0 (no damage) to 3 (three or more completely damaged nodes) rating scale (roots 
were not evaluated in 2009). Despite minor insect feeding on roots, the Bt hybrids produced an average of 
nearly 1.1 Mg ha-1 more grain relative to their near-isogenic non-Bt counterparts at their maximum grain 
yields predicted by regression. Different types of improvements in N response attributable to corn 
rootworm protection were exhibited by the two non-Bt/Bt hybrid comparisons. In the first comparison 
(DKC61-72 RR2 & DKC61-69 VT3), corn rootworm protection promoted increased grain yield at low N 
(+1.0 Mg ha-1; P ≤ 0.01), and a 31% greater response to fertilizer N. With adequate N, grain yields of the 
second hybrid comparison (DKC63-45 RR2 & DKC63-42 VT3) were similar; however, the Bt hybrid in 
this comparison achieved its maximum yield with an average of 38% less fertilizer N compared with its 
refuge counterpart.  
There were marked improvements in N use efficiency (NUE; +80%, P ≤ 0.10) and N uptake 
efficiency (NUpE; +31%, P ≤ 0.10) at the N rates required to optimize grain yield of Bt hybrids in 2008. 
In 2009, there were no significant improvements in NUE or NUpE attributable to corn rootworm 
protection; however, the different patterns for response of grain yield to N were still evident for both non-
Bt/Bt pairs. We conclude that transgenic corn rootworm protection does have agronomic benefits that 
extend beyond insect control, and that an insect protected root system results in greater N uptake and 
NUE in some environments. As such, these data support the role of biotechnology in promoting 
sustainable and resource use efficient maize production to feed a growing world population.   
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INTRODUCTION 
Western corn rootworm (Diabrotica virgifera virgifera LeConte) is one of the most damaging insect 
pests of maize with annual production losses due to corn rootworm (CRW) feeding estimated at $1 billion 
(Metcalf, 1986). CRW larvae feed on maize roots, thereby limiting uptake of water and nutrients (Kahler 
et al., 1985; Riedell, 1990), and promote decreases in CO2 assimilation, biomass accumulation, and 
carbohydrate partitioning (Dunn and Frommelt, 1998a; Dunn and Frommelt, 1998b; Riedell and Reese, 
1999, Urías-López et al., 2000). The response of grain yield to N fertilizer was previously shown to be 
reduced in CRW infested plots, which suggests that injured roots were unable to recover N fertilizer 
(Spike and Tollefson, 1991). Therefore, cultural, chemical, or genetic strategies for control of CRW are 
likely to improve N use and yield of maize. 
Previously, the use of a corn-soybean rotation was an effective management strategy for avoiding 
CRW damage (Gray et al., 2009). However, the appearance of rotation resistant phenotypes of both 
western CRW and northern CRW (Diabrotica barberi Smith and Lawrence) limited the effectiveness of 
crop rotation in managing these pests (Levine et al., 1992; Levine et al., 2002). In response, transgenic 
hybrids expressing proteins from Bacillus thuringiensis (Bt) for the control of CRW were first 
commercialized in 2003 (Vaughn et al., 2005). Although recent reports have suggested that some CRW 
populations are already developing resistance to transgenic control strategies (Gassmann et al., 2011), the 
CRW Bt traits have clearly demonstrated their effectiveness for reducing root injury from CRW larval 
feeding and for improving grain yield (Gray et al., 2007; Ma et al., 2009). The improvement in grain yield 
observed for CRW resistant hybrids over non-Bt hybrids suggests that a root system with full-season 
insect protection allows the plant to more fully express its genetic potential. Furthermore, an intact root 
system and protected yield potential might have a direct impact on N uptake and use. Although the N use 
characteristics of Bt hybrids possessing resistance to CRW have not yet been reported, Subedi and Ma 
(2007) compared a Bt hybrid with resistance to European corn borer (ECB; Ostrinia nubilalis) to its 
isoline and showed that the Bt hybrid accumulated approximately 11% more N. This increase in N uptake 
was associated with an increase in dry matter accumulation in leaves and grain of the Bt hybrid, and not a 
result of improved root growth. Therefore, a Bt trait that directly affects root size, distribution, or activity 
(i.e., CRW resistant hybrids) might have an even more dramatic effect on N uptake, and consequently, N 
use efficiency. 
Grain yield response to insect protection transgenes varies considerably between hybrids and 
environments. For example, Dillehay et al. (2004) compared near-isoline hybrid pairs for grain yield 
response to transgenic protection from ECB and showed that responses ranged from 0.6 to 1.5 Mg ha-1. 
The authors theorized that this variability partially resulted from natural ECB resistance and tolerance 
mechanisms. Similarly, Ma et al. (2009) compared a near-isoline pair for the CRW Bt trait and measured 
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an 11-66% grain yield increase in the Bt hybrid, which varied due to year and location. Although some of 
the variability measured by Dillehay et al. (2004) and Ma et al. (2009) likely resulted from differences in 
insect pressure, it also seems likely that genetic and physiological differences between hybrids contribute 
to differing trait responses. Currently, there is a scarcity of information on variation for grain yield 
response to the Bt trait in CRW resistant hybrids and how this might impact potential improvements in N 
use. In particular, it is not known if Bt hybrids require higher inputs of N fertilizer as a result of increased 
yield, or if a reduction in N requirement could occur as a result of improved N uptake. 
The primary objective of this study was to measure grain yield, N uptake, and N response 
characteristics of two high yielding CRW resistant Bt hybrids in comparison to their non-Bt counterpart 
hybrids. An additional objective was to determine whether Bt hybrids require a different optimum N rate 
to achieve maximum grain yield compared to non-Bt hybrids. Our hypothesis was that CRW protected 
transgenic hybrids would exhibit increased N uptake, resulting in higher grain yield and improved N use 
efficiency (NUE) relative to their non-Bt counterparts. 
MATERIALS AND METHODS 
Cultural practices, experimental design, and treatments 
Field experiments were conducted during the 2008 and 2009 growing seasons on the Fisher Farm at 
the University of Illinois Department of Crop Sciences Research and Education Center (CSREC) near 
Champaign, IL. The soil at this site is a Drummer-Flanagan soil association (fine-silty, mixed, 
superactive, mesic Typic Endoaquolls) typical of East-Central Illinois with 4.2% organic matter and a pH 
of 5.8. Plots were mechanically planted on 29 May 2008 and 29 May 2009 to achieve a final plant density 
of approximately 79,000 plants ha-1. Pre-emergence weed control consisted of applications of S-
metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide), atrazine (6-
chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine), and mesotrione ([2-[4-(methylsulfonyl)-2-
nitrobenzoyl]-1,3-cyclohexanedione). Post-emergence weed control consisted of mechanical cultivation 
and glyphosate [N-(phosphonomethyl)glycine]. 
A split-plot arrangement in a randomized complete block design with four replications was used in 
which hybrids were randomly assigned to the main plots and N rates were randomly assigned to the sub-
plots. Each sub-plot experimental unit consisted of six rows, 11.4 m in length with 76 cm spacing. Four 
locally adapted DEKALB brand grain corn hybrids were evaluated, which represented two separate 
comparisons. In each pair, the non-Bt hybrid possessed only glyphosate tolerance (RR2, Roundup Ready 
2), while the Bt hybrid (VT3, YieldGard VT3) possessed glyphosate tolerance, resistance to European 
corn borer (Ostrinia nubilalis; Cry1Ab protein from Bacillus thuringiensis), and CRW resistance 
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(Cry3Bb1 protein from Bacillus thuringiensis). The hybrids included a 111 day relative maturity (RM) 
pair (DKC61-72 RR2 and DKC61-69 VT3) and a 113 day RM pair (DKC63-45 RR2 and DKC63-42 
VT3). Although we cannot conclusively state that the hybrids within each comparison are near-isogenic 
lines, they are marketed by the seed supplier as representing different trait versions of the same genetic 
background, with similar phenotypic and agronomic characteristics. The non-Bt hybrids (RR2) received 
an in-furrow application of tefluthrin [2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-
3,3,3-trifluoro-1-propenyl)-2,2-dimethylcyclopropanecarboxylate] at a rate of 0.11 kg a.i. ha-1. Thus, the 
experiment compared two methods of CRW control; soil-applied insecticide versus transgenic control. 
Nitrogen was applied and incorporated as granular ammonium sulfate [(NH4)2SO4; 21-0-0-24S] in a 
diffuse band between the rows after emergence during the V2-V3 growth stages. Five N rates (0 to 268 kg 
N ha-1) in 67 kg N ha-1 increments were included.  
Biomass sampling, N uptake, and yield measurements 
Plant N uptake was estimated from biomass samples collected at physiological maturity (R6) when at 
least 50% of the plants exhibited a visible black layer at the base of the kernels. Six representative plants 
per plot were sampled (above-ground biomass only) and separated into ear (grain + cob) and stover (leaf 
+ stem + husk) fractions. The fresh weight of the stover fraction was determined prior to shredding using 
a commercial brush chipper-shredder (Vermeer BC600XL). A representative aliquot of the shredded 
material was dried to constant weight in a forced-draft oven (75 oC) to determine sample moisture 
concentration, and to calculate the dry weight of the fresh sample. Dried stover aliquots were ground in a 
Wiley mill to pass a 20-mesh screen, and analyzed for total N concentration (g kg-1) using a combustion 
technique (NA2000 N-Protein, Fisons Instruments). Total stover N content was calculated by multiplying 
the per plant dry stover biomass by the stover N concentration. The ear samples were shelled to separate 
the grain and cobs. Grain moisture concentrations were measured using a dielectric (capacitance) type 
grain moisture meter (SL95, Steinlite Corp.), and used to calculate the dry weight of the R6 grain 
samples. Grain protein concentration was measured using near-infrared transmittance spectroscopy (NIT; 
Infratec 1241 Grain Analyzer, FOSS). Grain N concentration was estimated from protein concentration 
using a factor of 6.25. Grain N content was calculated by multiplying the per plant grain weight by the 
grain N concentration. Total N content (g plant-1) was calculated as the sum of the stover and grain N 
contents. N uptake on an area basis was estimated by multiplying per plant N content by the plant density 
at harvest (79,000 plants ha-1). 
At harvest, the center two rows of each plot were harvested. Grain yields are expressed as Mg ha-1 at 
0 g kg-1 moisture. Individual kernel weights were estimated by counting 300 kernels from a representative 
grain subsample using an electronic seed counter. Individual kernel weights are expressed as mg kernel-1 
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at 0 g kg-1 moisture. Kernel number (m-2) was algebraically derived using the total plot grain weight and 
the estimate of individual kernel weight. 
Evaluation of CRW damage 
Five random plants per plot were rated in 2008 for damage created by CRW larval feeding. These 
evaluations occurred on 27 July 2008 at VT/R1 (approximate growth stage). The Iowa State University 
node-injury scale (0-3 scale) was used where a rating of 0 corresponds to no feeding damage and a rating 
of 3 signifies that three or more root nodes are completely damaged (Oleson et al., 2005). The 
experimental plots were not evaluated for CRW feeding in 2009. 
Statistical analysis and calculation of NUE components 
Statistical analysis was accomplished using PROC MIXED in SAS (SAS Institute, 2009). Normality 
of residuals and potential outliers were assessed using PROC UNIVARIATE in SAS. Year, hybrid, N 
rate, and their interactions were considered fixed effects, while replication and interactions with 
replication were considered random. The response of grain yield to N rate for each hybrid was described 
using a quadratic with plateau regression model estimated with PROC NLIN in SAS according to: 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ ൅ ߚመଶܺଶ  if  ܺ ൏  ܺ଴ [1] 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ଴ ൅ ߚመଶܺ଴ଶ  if  ܺ ൒  ܺ଴ [2] 
where ෠ܻ  is the predicted value, ܺ is the fertilizer N rate,  ߚመ଴ is the intercept (predicted grain yield at 0 kg 
N ha-1), ߚመଵis the linear coefficient, ߚመଶ is the quadratic coefficient, and ܺ଴ is the fertilizer N rate at which 
the quadratic and plateau segments of the model join (Cerrato and Blackmer, 1990; Bullock and Bullock, 
1994). Similarly, the response of N uptake to N rate was modeled for each hybrid using either a quadratic 
with plateau regression model (Equations 4-5) or a linear with plateau regression model according to: 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ if  ܺ ൏  ܺ଴  [3] 
    ෠ܻ  = ߚመ଴ ൅ ߚመଵܺ଴ if  ܺ ൒  ܺ଴  [4] 
Using the grain yields and N uptake values predicted by these regression functions, N use efficiency 
(NUE; kg grain kg-1 fertilizer N) and N uptake efficiency (NUpE; kg plant N kg-1 fertilizer N) were 
calculated according to: 
    NUE = GYX – GY0
NRX
    [5] 
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    NUpE = NTX – NT0
NRX
    [6] 
where GYX corresponds to the grain yield (kg ha-1) at a level of fertilizer application (> 0 kg N ha-1) and 
GY0 corresponds to the grain yield (kg ha-1) of the unfertilized check plot treatment (0 kg N ha-1); NRX is 
the fertilizer N rate (kg N ha-1) at which NUE and N uptake efficiency are evaluated; and NT0 and NTX 
represent total above-ground plant N uptake at the 0 and X N rates (kg plant N ha-1). 
RESULTS AND DISCUSSION 
Growing conditions 
Temperatures and precipitation were generally favorable for high yields during 2008 and 2009 (Table 
5.1). Maximum monthly temperatures were less than the 10-yr average (2000-2009) during silking and 
grain fill in both years. Although total precipitation during the May through August period was similar for 
both 2008 and 2009, the temporal distribution of precipitation varied between years. In 2008, 
approximately 41% of the precipitation measured for May through August occurred in July, leading to 
favorable conditions for pollination and kernel set. Excess precipitation in July 2008 was followed by a 
negative 7.4 cm deviation from the 10-yr average in August. As a result, the grain filling period in 2008 
was relatively short and physiological maturity (R6) occurred around 01 September 2008. In contrast, 
precipitation was more evenly distributed in 2009, with an average of 13.3 cm of precipitation occurring 
each month during May through August. Minimum and maximum temperatures in 2009 were generally 
much cooler than average, particularly at flowering and during grain filling. During July and August of 
2009, maximum and minimum temperatures were approximately 2.8 and 1.8 oC less than the 10-yr 
average. Cool temperatures and adequate rainfall in 2009 resulted in a prolonged grain filling period, 
which extended into September. 
Insect feeding and root damage 
Damage to roots caused by CRW larval feeding was assessed in 2008 using the Iowa State University 
Node-Injury Scale (Oleson et al., 2005). Roots were evaluated at the VT/R1 growth stage, a critical time 
for establishing the number of grain sinks (i.e., number of kernels) and potential size of each sink (i.e., 
individual kernel weight). As such, insect feeding damage occurring prior to or at this stage should be 
indicative of potential yield loss. Root injury was very low in 2008; the mean node-injury rating across all 
hybrids was 0.11 (approximately one-tenth of a node eaten). There was a significant effect of hybrid for 
node-injury rating (Table 5.2), which resulted from a significant (P = 0.011) reduction in root injury for 
DKC61-69 (mean node-injury rating = 0.04) over its non-Bt counterpart (DKC61-72; mean node-injury 
rating = 0.15). Mean node-injury ratings for DKC63-45 and DKC63-42 were 0.12 and 0.11, respectively. 
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In this experiment, the non-Bt hybrids were treated with a soil-applied insecticide. Therefore, the low 
node-injury ratings measured in 2008 could be an indication that insecticidal and transgenic approaches to 
CRW control had similar effectiveness. If this is the case, then few differences in grain yield or 
agronomic performance between non-Bt and Bt hybrids might be expected. Although roots were not 
evaluated for injury in 2009, University of Illinois corn rootworm research trials located at Urbana, IL in 
2008 and 2009 reported that mean node-injury ratings in 2009 were approximately 28% greater for check 
treatments (non-Bt hybrids with no soil-applied insecticide) compared to 2008 (Gray et al., 2008; Gray 
and Estes, 2009). Therefore, CRW pressure in the 2009 trial was expected to have been comparable to, or 
greater, than that experienced in 2008. 
Responses of grain yield and yield components to Bt corn rootworm protection 
Hybrid, N rate, and the hybrid x N rate interaction were significant sources of variation for grain yield 
(Table 5.2). Year and its interactions with hybrid and N rate were not significant sources of variation for 
grain yield. As such, quadratic with plateau regression functions were used to describe the response of 
grain yield to N for each hybrid by combining data across years (Figure 5.1). Bt rootworm protection 
affected the response of grain yield to N fertilizer differently for each hybrid comparison. At low N (0 kg 
N ha-1), the measured grain yield of DKC61-69 was approximately 1.0 Mg ha-1 greater than its non-Bt 
counterpart (P ≤ 0.01) when averaged across years (Table 5.3). In addition to an improvement in tolerance 
to low N, measured and predicted grain yields of DKC61-69 were 2.0 and 1.9 Mg ha-1 greater, 
respectively, than DKC61-72 at 268 kg N ha-1 (P ≤ 0.001). The maximum grain yield of DKC61-69 
occurred at 154 kg N ha-1 (10.5 Mg ha-1), while DKC61-72 had no further increase in grain yield (8.6 Mg 
ha-1) beyond 76 kg N ha-1 (Figure 5.1).  
Averaged across N rates, measured grain yields of DKC63-42 were 0.6 Mg ha-1 higher than DKC63-
45 (P ≤ 0.01) (Table 5.3). With adequate fertilizer N supply (≥ 169 kg N ha-1), however, grain yields were 
similar (10.3 versus 10.5 Mg ha-1 for DKC63-45 and DKC63-42, respectively) (Figure 5.1). DKC63-42, 
however, achieved its predicted maximum grain yield at 104 kg N ha-1 versus 169 kg N ha-1 for DKC63-
45, representing a 38% reduction in N fertilizer application required for maximum yield. 
The large increase in grain yield associated with CRW protection in DKC61-69 over DKC61-72 was 
reflected in both kernel number and kernel weight (Table 5.3). Kernel number of DKC61-69 was 
numerically greater than its non-Bt counterpart at all levels of N, and increased significantly at rates of N 
fertilizer equal to or greater than 134 kg N ha-1 (P ≤ 0.01). Averaged across both years and all N rates, 
CRW protection resulted in a 12% increase in kernel number for the DKC61-72/DKC61-69 comparison 
(P ≤ 0.001). Individual kernel weights of DKC61-72 and DKC61-69 were not significantly different at 0 
kg N ha-1 (mean = 254 mg kernel-1) or 67 kg N ha-1 (mean = 275 mg kernel-1). At N application rates 
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greater than or equal to 134 kg N ha-1, CRW protection in DKC61-69 was associated with an average 
increase of nearly 17 mg kernel-1 over its non-Bt counterpart. The corresponding average increase in 
kernel number at rates greater than or equal to 134 kg N ha-1 was 451 kernels m-2. At an average kernel 
weight for DKC61-72 of 282 mg kernel-1, this increase in kernel number would result in a yield increase 
of 1.3 Mg ha-1. The mean increase in grain yield for DKC61-69 relative to DKC61-72 for N rates between 
134 and 268 kg N ha-1 was approximately 1.9 Mg ha-1. As such, increased kernel weight accounted for 
approximately 32% (0.6 Mg ha-1) of the yield increase associated with CRW protection in DKC61-69. 
Grain yield of DKC63-42 trended higher than DKC63-45 at all rates of N; however, the comparison 
was only significant (P ≤ 0.01) at 67 kg N ha-1 (Table 5.3). An average increase in grain yield of 1.1 Mg 
ha-1 at 67 kg N ha-1 resulted from a 269 kernel m-2 increase in kernel number (P ≤ 0.05), and kernel weight 
which trended 11 mg kernel-1 higher (not significant). 
The increase in kernel number for CRW protected hybrids in this study has also been observed for 
chemical control of Western CRW (Cox et al., 2008). In that study, comparison of an untreated control to 
an insecticidal seed treatment (clothianidin) resulted in increased kernel number and grain yield (328 
kernels m-2 and 0.9 Mg ha-1, respectively). In contrast to our results, Cox et al. did not find any 
improvement in kernel weight attributable to CRW control. Similarly, Kahler et al. (1985) and Urías-
López and Meinke (2001) showed that kernel weight was unaffected by minor to moderate root damage. 
Therefore, transgenic CRW protection might have a unique characteristic of promoting increased kernel 
weight in addition to greater kernel number. The role of root growth and metabolism in determining yield 
components in maize is largely unknown; however, cytokinins synthesized in root tissue have been linked 
to seed number and weight in other cereal crops. For example, Yang et al. (2002) reported that the zeatin 
and zeatin riboside concentrations of rice (Oryza sativa L.) endosperm tissue were positively and 
significantly correlated (r = 0.95) with the rate of endosperm cell division. The concentration of 
cytokinins in the root tips was also correlated with endosperm cell division rate leading the authors to 
conclude that root synthesized cytokinins play a critical role in regulating endosperm development, and 
consequently, individual seed weight. Similarly, RNA interference (RNAi) mediated silencing of 
cytokinin oxidase/dehydrogenase expression in barley (Hordeum vulgare L.) root tissue (i.e., increased 
cytokinin concentration) resulted in increased grain yield, number of seeds per plant, and 1000 grain 
weight (Zalewski et al., 2010). As a result of the apparent link between root cytokinins and yield 
components, improved root growth and activity resulting from transgenic CRW protection in maize could 
enhance the synthesis or export of cytokinins from the root, thereby explaining the measured increase in 
kernel weight. An alternative, yet complementary, hypothesis is that a CRW protected root system allows 
the plant to acquire more N after flowering. Increased post-flowering N uptake might prolong functional 
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leaf area (stay-green), source activity, and as a result individual kernel weight (Ma and Dwyer, 1998; 
Martin et al., 2005).    
Biologically optimum N fertilizer rates for non-Bt and Bt hybrids 
Quadratic with plateau regression models were used to describe the response of grain yield to N rate 
for each hybrid within each year (Table 5.4). Averaged across hybrids, the N rates required to achieve 
maximum yield were 123 and 134 kg N ha-1 in 2008 and 2009, respectively (Table 5.4). Despite similar 
optimum N rates between years, the optimum N rate for each hybrid varied considerably and was 
impacted differently by CRW protection in each hybrid pair. In 2008, maximum grain yield of DKC61-69 
occurred at 153 kg N ha-1, while its non-Bt counterpart achieved maximum yield at only 77 kg N ha-1. A 
similar response was measured in 2009; optimum N rates for DKC61-72 and DKC61-69 were 76 and 156 
kg N ha-1, respectively. Thus, the lower N fertilizer requirement of DKC61-72 could be an indication that 
N uptake was a yield-limiting factor, and that CRW protection in DKC61-69 removed this limitation. In 
contrast to the increased optimum N rate for the Bt hybrid in the DKC61-72/DKC61-69 comparison, the 
optimum N rate for the Bt hybrid in the DKC63-45/DKC63-42 comparison was lower relative to the non-
Bt hybrid. In 2008, optimum N rates were 173 and 88 kg N ha-1 for DKC63-45 and DKC63-42, 
respectively. Similarly, optimum N rates for this hybrid comparison in 2009 were 166 and 138 kg N ha-1. 
The differences in improvement of N response for each non-Bt/Bt comparison could be related to the 
contrasting yield component and N utilization characteristics of each genetic background. For example, 
the DKC61-72/DKC61-69 genetic background exhibited an average kernel number of 3068 kernels m-2 
and an average kernel weight of 281 mg kernel-1 (Table 5.3). In contrast, average kernel number and 
kernel weight for the DKC63-45/DKC63-42 genetic background were 3524 kernels m-2 and 262 mg 
kernel-1, respectively. Kernel number and kernel weight have different optimum N rates, with kernel 
number achieving its maximum at a lower rate of fertilizer N compared to either kernel weight or total 
grain yield (Haegele and Below, unpublished data). Therefore, the high kernel number phenotype of the 
DKC63-45/DKC63-42 genetic background might be expected to respond more to an improvement in N 
uptake at a reduced rate of N fertilizer application. Furthermore, the DKC63-45/DKC63-42 genetic 
background had greater N utilization efficiency (increase in grain yield per increase in plant N uptake 
over the unfertilized check plot treatment). Averaged across N rates and years, measured N utilization 
efficiency of DKC63-45/DKC63-42 was 48.0 kg grain kg-1 plant N content, while average N utilization 
efficiency of DKC61-72/DKC61-69 was 33.7 kg grain kg-1 plant N (data not shown). Thus, for the same 
increase in N uptake, the DKC63-45/DKC63-42 genetic background would result in an approximate 43% 
increase in grain yield relative to the DKC61-72/DKC61-69 background. 
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N uptake, N uptake efficiency, and NUE 
Appropriate regression models were used to describe the response of plant N uptake to fertilizer N 
rate for each hybrid within each year (Table 5.4). With the exception of DKC63-42 evaluated in 2009 
(linear response; R2 = 0.78), N uptake curves were best described by linear with plateau or quadratic with 
plateau regression models (R2 values ranging from 0.67 to 0.86). Averaged across hybrids, predicted 
maximum N uptake was 202 kg N ha-1 in 2008 and 208 kg N ha-1 in 2009. Much like grain yield, plant N 
uptake was affected differently by CRW protection in each hybrid comparison. Maximum N uptake 
values predicted by linear with plateau regression models for DKC61-72 and DKC61-69 in 2008 were 
179 and 216 kg N ha-1. These levels of plant N uptake occurred at predicted N fertilizer application rates 
of 69 and 165 kg N ha-1, respectively. Predicted maximum plant N uptake values for DKC63-45 and 
DKC63-42 were similar (mean = 207 kg N ha-1); however, DKC63-42 achieved its maximum plant N 
uptake with 52% less application of fertilizer N. 
Currently, maize producers utilizing single gene transgenic CRW resistant Bt hybrids are required to 
plant 20% of their maize production area to a non-Bt hybrid (Environmental Protection Agency, 2011). 
This structured refuge is intended to slow the development of resistance of CRW to currently available 
transgenic control options. As such, 80% of a field is planted to the Bt hybrid, and agronomic 
management practices should be targeted to this hybrid. Differences in optimum N rates for grain yield of 
non-Bt and Bt hybrids in this study, which were repeatable across years, are evidence that maize hybrids 
improved through biotechnology may have different agronomic management requirements compared to 
conventional (non-Bt) hybrids. Furthermore, grain yield and N uptake at the optimum N rates for the Bt 
hybrids within each comparison are likely closer to the true potential of each genetic background. 
Therefore, comparisons of N uptake and N use efficiency should be made at the N rate required to 
achieve maximum yield of the CRW protected Bt hybrids. 
A 2.4 Mg ha-1 improvement in grain yield over DKC61-72 was predicted at the optimum N rate for 
yield (153 kg N ha-1) for DKC61-69 in 2008 (Table 5.5). This remarkable increase in yield was associated 
with a 16% increase in above-ground plant N uptake (P ≤ 0.10). Increased responsiveness to fertilizer N 
for the Bt hybrid (4.1 versus 2.2 mg ha-1) resulted in a significant improvement in NUE (increase in grain 
yield per unit of applied N). At 153 kg N ha-1, calculated NUE values were 14.4 and 26.8 kg grain kg-1 N 
for DKC61-72 and DKC61-69, respectively (P ≤ 0.10). Similarly, there was a marked increase in N 
uptake efficiency associated with CRW protection. DKC61-69 recovered 77% of applied fertilizer N, 
while DKC61-72 recovered only 59%. Like the DKC61-72/DKC61-69 comparison, the Bt hybrid in the 
second comparison (DKC63-45/DKC63-42) had N uptake that was approximately 20% greater than its 
non-Bt counterpart at 88 kg N ha-1. Significant improvements in NUE (+20.5 kg grain kg-1 N) and N 
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uptake efficiency (+0.22 kg plant N kg-1 N) also occurred at the optimum N rate for yield of DKC63-42 in 
2008 (P ≤ 0.10). 
Unlike 2008, no significant improvements in NUE or N uptake efficiency occurred in 2009 (Table 
5.5). NUE and N uptake efficiency are calculated as the difference between a plot receiving some 
application of N fertilizer and an unfertilized check plot (Equations 5-6). As such, NUE and N uptake 
efficiency can be decreased by increasing the value of the check plot treatment. Although a significant 
increase in grain yield (+1.4 Mg ha-1; P ≤ 0.10) occurred over DKC61-72 at the N rate required to achieve 
maximum yield for DKC61-69 in 2009 (156 kg N ha-1), a similar increase in grain yield (1.5 Mg ha-1) 
occurred at 0 kg N ha-1. As such, calculated NUE values were similar for DKC61-72 and DKC61-69 in 
2009. Similarly, grain yield of DKC63-42 trended 0.7 Mg ha-1 higher at low N in comparison to DKC63-
45, while they had similar yields (mean = 10.1 Mg ha-1) at the optimum N rate for DKC63-42. As a result 
of greater apparent performance at low N, and maximum yield which occurred at a 20% lower N rate, 
DKC63-42 had reduced NUE compared to its non-Bt counterpart (Table 5.5). Therefore, differences in 
NUE should be carefully interpreted relative to performance at low N.    
Low N stress tended to be greater in 2009 compared to 2008, particularly for non-Bt hybrids (Table 
5.5). Average predicted grain yields for non-Bt hybrids at low N were 6.3 and 5.4 Mg ha-1 in 2008 and 
2009, respectively. In contrast, average predicted grain yields for Bt hybrids at low N were 6.7 and 6.5 
Mg ha-1 in 2008 and 2009, respectively. Although not captured in small research plots, improved stability 
of grain yield at low N as a result of CRW protection would likely increase average grain yield across 
commercial scale maize production fields that possess spatial variability for potential soil N supply or risk 
of fertilizer N loss (Baxter et al., 2003). Therefore, while Bt hybrids did not use fertilizer more efficiently 
in 2009, better low N tolerance is another indication of the improved agronomic utility of transgenic 
CRW protected maize. 
CONCLUSIONS 
Our initial hypothesis was that CRW protected transgenic hybrids would exhibit increased N uptake, 
resulting in higher grain yield and improved N use efficiency (NUE) relative to their non-Bt counterparts. 
This hypothesis is supported by the 2008 data since remarkable increases in grain yield and N use 
occurred even in the absence of severe injury from CRW feeding. In contrast, there were no significant 
improvements in fertilizer N use attributable to Bt hybrids in 2009, even though grain yield was still 
increased in one hybrid comparison. Most of the benefit of CRW protection in 2009 occurred at low N, 
indicating that the utility of transgenic CRW protection traits can vary according to environment. 
Furthermore, optimum N rates for grain yield were affected differently by CRW protection in each hybrid 
comparison. In one case, similar yield was achieved at a lower fertilizer N rate suggesting that 
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biotechnological improvements might be used to reduce N inputs in response to environmental or 
economic concerns. In the second case, an increase in grain yield attributable to CRW protection occurred 
at a higher rate of fertilizer N relative to the non-Bt hybrid, which is a strategy for protecting yield 
potential and a predetermined input of fertilizer. Additionally, these contrasting N response types as a 
result of the Bt trait might help to provide an explanation for the apparent lack of measurable responses to 
CRW protection traits in some studies. For example, in our evaluation of DKC63-45 and DKC63-42, 
most of the benefit of CRW protection to grain yield occurred at lower rates of N fertilizer. As such, a 
trait comparison made at a more typical N fertilizer recommendation for maize production might result in 
no detectable response. These results also suggest a role for plant breeding in selectively improving 
genetic backgrounds for the desired agronomic responses to a biotech insect protection trait. Germplasm 
with an inherently large efficiency of N utilization might be most desirable for magnifying small 
improvements in N uptake potentially resulting from season long protection of the root system. In 
conclusion, transgenic corn rootworm protection does have agronomic benefits that extend beyond insect 
control, and these data support the role of biotechnology in promoting sustainable and resource use 
efficient maize production to feed a growing world population. 
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FIGURES AND TABLES 
 
 
Table 5.1. Average monthly weather data at Champaign, IL for the period 
between 1 May and 30 September in 2008 and 2009. Tmin and Tmax are the 
minimum and maximum daily temperatures, respectively. Values in 
parentheses are the deviations from the 10-yr average (2000-2009) at 
Champaign, IL. 
Year Month Tmin Tmax Precipitation 
  ------------------------------ oC ------------------------------ ---------- cm ---------- 
2008 May 9.4 (- 1.4) 20.7 (- 2.6) 14.9 (+  5.3) 
 June 18.0 (+1.8) 28.8 (+0.7) 13.0 (+  4.0) 
 July 18.7 (+0.8) 29.1 (- 0.3) 20.2 (+  8.1) 
 August  17.1 (- 0.5) 28.4 (- 0.6) 1.7 (-   7.4) 
 September 14.3 (+1.2) 25.7 (- 0.6) 20.2 (+12.6) 
     
2009 May 11.4 (+0.6) 23.1 (- 0.3) 13.0 (+3.4) 
 June 17.3 (+1.1) 28.4 (+0.3) 10.8 (+1.8) 
 July 16.5 (- 1.4) 26.6 (- 2.8) 15.6 (+3.5) 
 August  16.1 (- 1.4) 27.2 (- 1.8) 13.7 (+4.6) 
 September 14.3 (+1.1) 25.0 (- 1.3) 1.6 (- 6.0) 
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Table 5.2. Tests of fixed sources of variation. A linear mixed model approach was used to analyze the 
measured traits across both years of the study. Replication nested within year was included as a random 
effect. 
 Analysis of variance 
Trait Year (Y) Hybrid (H) Y x H N rate (N) Y x N H x N Y x H x N 
 ---------------------------------------------------------------------------------------- P > F ----------------------------------------------------------------------------------------- 
Root injury score† — 0.059 — 0.536 — 0.691 — 
Grain yield 0.659 <0.001 0.198 <0.001 0.338 0.030 0.479 
Kernel number 0.016 <0.001 0.289 <0.001 <0.001 0.023 0.404 
Kernel weight 0.002 <0.001 0.734 <0.001 0.435 0.060 0.551 
† Root injury scores were evaluated in 2008 only. 
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Figure 5.1. Response of grain yield to N for refuge (RR2) and 
transgenic rootworm protected (VT3) hybrids. The hybrids included a 
111 day relative maturity (RM) pair (Fig. 6.1A; DKC61-72 RR2 and 
DKC61-69 VT3) and a 113 day RM pair (Fig. 6.1B; DKC63-45 RR2 
and DKC63-42 VT3). Curves were fitted using quadratic with plateau 
regression functions with data combined across both years of the 
study. All regression models were significant at P ≤ 0.001. Predicted 
maximum grain yields were 8.6 and 10.5 Mg ha-1 for DKC61-72 and 
DKC61-69, and 10.3 and 10.5 Mg ha-1 for DKC63-45 and DKC63-42. 
Individual points represent the grain yield means for each hybrid x N 
rate treatment combination averaged across both years of the study. 
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Table 5.3. Yield and yield components of non-Bt (RR2) and Bt (VT3) hybrid pairs grown at Champaign, IL 
in 2008 and 2009. All values are presented on a dry-matter basis (0 g kg-1 moisture concentration). Values are 
the means across both years of the study.  
 Hybrid pair 1  Hybrid pair 2 
N rate DKC61-72 RR2 DKC61-69 VT3 P > |t|  DKC63-45 RR2 DKC63-42 VT3 P > |t| 
kg N ha-1 ---------------------------------------------------------------------------------- Grain yield, Mg ha-1 ---------------------------------------------------------------------------------- 
0 5.7 6.7 **  5.9 6.5  
67 8.4 8.7   8.5 9.6 ** 
134 8.7 10.4 ***  9.6 10.4  
201 8.4 10.3 ***  10.2 10.4  
268 8.7 10.7 ***  10.4 10.8  
Mean 8.0 9.4 ***  8.9 9.5 ** 
 ---------------------------------------------------------------------------------- Kernel number, m-2 ---------------------------------------------------------------------------------- 
0 2192 2462   2439 2617  
67 3093 3195   3446 3715 * 
134 3089 3551 ***  3689 3929  
201 3049 3474 **  3859 3841  
268 3055 3519 ***  3854 3852  
Mean 2896 3240 ***  3457 3591  
 ------------------------------------------------------------------------ Kernel weight, mg kernel-1 ---------------------------------------------------------------------------- 
0 255 253   241 248  
67 276 273   248 259  
134 282 295 *  262 266  
201 278 296 **  267 272  
268 287 306 **  272 280  
Mean 276 285 **  258 265  
* Contrast significant at P ≤ 0.05  
** Contrast significant at P ≤ 0.01  
*** Contrast significant at P ≤ 0.001 
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Table 5.4. Regression parameter estimates and R2 values for N uptake and grain yield as a function of 
fertilizer N rate. Non-Bt (RR2) and Bt (VT3) hybrid pairs were grown at Champaign, IL in 2008 and 2009. 
All regression models were significant at P ≤ 0.001. 
    Parameter estimates  
Trait Year Hybrid Model† ࢼ෡૙ ࢼ෡૚ ࢼ෡૛ ࢄ૙‡ Plateau R2 
          
Grain yield, 2008 DKC61-72 RR2 QP 6.2 0.046 -0.00022 77 8.4 0.62 
Mg ha-1  DKC61-69 VT3 QP 6.7 0.043 -0.00011 153 10.8 0.79 
  DKC63-45 RR2 QP 6.3 0.036 -0.00008 173 10.2 0.74 
  DKC63-42 VT3 QP 6.6 0.078 -0.00033 88 10.9 0.76 
          
 2009 DKC61-72 RR2 QP 5.1 0.078 -0.00039 76 8.8 0.74 
  DKC61-69 VT3 QP 6.6 0.037 -0.00009 156 10.2 0.52 
  DKC63-45 RR2 QP 5.7 0.045 -0.00010 166 10.4 0.66 
  DKC63-42 VT3 QP 6.4 0.044 -0.00012 138 10.2 0.57 
          
R6 N uptake, 2008 DKC61-72 RR2 LP 88 1.31 — 69 179 0.75 
kg N ha-1  DKC61-69 VT3 LP 90 0.77 — 165 216 0.82 
  DKC63-45 RR2 QP 92 0.81 -0.0013 232 209 0.70 
  DKC63-42 VT3 LP 104 0.91 — 111 204 0.67 
          
 2009 DKC61-72 RR2 LP 84 0.78 — 142 195 0.73 
  DKC61-69 VT3 QP 95 1.22 -0.0029 160 218 0.86 
  DKC63-45 RR2 LP 96 0.73 — 160 212 0.84 
  DKC63-42 VT3 L 98 0.48 — — — 0.78 
† LP, Linear with plateau regression model; QP, quadratic with plateau regression model; L, linear 
regression model. 
‡ X0, fertilizer N rate (kg N ha-1) at which the linear or quadratic portions of the response curve join the 
plateau portion. 
   
 
 
 
 
Table 5.5. Grain yield, N uptake, N use efficiency (NUE), and N uptake efficiency (NUpE) of hybrids evaluated at the N rates 
required to optimize grain yield for CRW protected Bt hybrids. Biologically optimum N rates (i.e., N rates required to achieve 
maximum grain yield) for DKC61-69 VT3 were 153 and 156 kg N ha-1 in 2008 and 2009, respectively. Likewise, optimum N rates 
for DKC63-42 VT3 were 88 and 138 kg N ha-1 in 2008 and 2009, respectively. The values presented for grain yield and N uptake 
are those predicted by regression ± 90% confidence intervals. Confidence intervals for derived efficiency traits (N use efficiency, 
NUE; and N uptake efficiency, NUpE) were constructed by evaluating the values corresponding to the lower and upper limits of 
the 90% confidence intervals for grain yield and N uptake in Equations 5 and 6. 
  Grain yield  N uptake  Efficiencies 
Year Hybrid 0 kg N ha-1 Opt. N rate  0 kg N ha-1 Opt. N rate  NUE NUpE 
  ------------------------- Mg ha-1 ------------------------  -------------------- kg N ha-1 -------------------   kg grain kg-1 N kg plant N kg-1 N 
2008 DKC61-72 RR2 6.2 ± 0.6 8.4 ± 0.4  88 ± 21 179 ± 11  14.4 ± 1.3 0.59 ± 0.07 
 DKC61-69 VT3 6.7 ± 0.8 10.8 ± 0.5  90 ± 19 208 ± 13  26.8 ± 2.0 0.77 ± 0.04 
 DKC63-45 RR2 6.3 ± 0.8 8.8 ± 0.9  92 ± 25 153 ± 29  28.4 ± 1.1 0.69 ± 0.05 
 DKC63-42 VT3 6.6 ± 0.8 10.9 ± 0.9  104 ± 26 184 ± 28  48.9 ± 1.1 0.91 ± 0.02 
          
2009 DKC61-72 RR2 5.1 ± 0.8 8.8 ± 0.5  84 ± 23 195 ± 16  23.7 ± 1.9 0.71 ± 0.04 
 DKC61-69 VT3 6.6 ± 1.2 10.2 ± 0.8  95 ± 18 216 ± 12  23.1 ± 2.6 0.78 ± 0.04 
 DKC63-45 RR2 5.7 ± 1.2 10.0 ± 0.5  96 ± 22 197 ± 9  31.2 ± 5.1 0.73 ± 0.09 
 DKC63-42 VT3 6.4 ± 1.2 10.2 ± 0.5  98 ± 18 164 ± 10  27.5 ± 5.1 0.48 ± 0.06 
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CHAPTER 6 
RESPONSE TO TRANSGENIC CORN ROOTWORM PROTECTION AND 
GENETIC VARIATION FOR MAIZE NITROGEN USE STRATEGIES IN 
THE INTERMATED B73 X MO17 RECOMBINANT INBRED LINE 
POPULATION 
 
ABSTRACT 
Nitrogen use efficiency (NUE) represents an important target for modern maize (Zea mays L.) 
breeding programs.  Due to the complex genetic architecture of NUE, there are likely to be a number of 
physiological strategies for acquiring and utilizing nitrogen (N) for reproductive development in modern 
maize germplasm. Furthermore, it is not known how transgenic corn rootworm protection (HERCULEX 
XTRA®, HXX) might affect N response traits such as N uptake efficiency. To address these questions, 
phenotypic evaluations of the intermated B73 x Mo17 recombinant inbred line (IBM RIL) population 
were made in 2008 and 2009 in a nitrogen responsive nursery at the University of Illinois, Urbana-
Champaign. These evaluations were made at the test-cross level using proprietary inbred testers provided 
by Dow AgroSciences in combination with 98 IBM RIL females. These testers represented a near-
isogenic pair; one into which the HXX trait had been introgressed. The traits evaluated included whole 
shoot biomass at flowering and physiological maturity, N content of grain and stover, grain yield, kernel 
number per ear, and kernel weight. From these traits, genetic utilization (GU) at low N, and NUE and its 
components, N uptake efficiency (NUpE) and N utilization efficiency (NUtE) were calculated. 
Remarkable yield increases were measured for HXX hybrids compared to their non-HXX 
counterparts. Averaged across years and N rates, the HXX trait promoted a 0.82 Mg ha-1 increase in yield 
(P ≤ 0.05). Although responses of kernel number and reproductive success (i.e., % of plants to set a 
harvestable ear) to the HXX trait were measured in specific environments, individual kernel weight was 
the yield component most consistently affected by presence of the trait. Significant kernel weight 
increases of 30 and 34 mg kernel-1 were measured at low and high N, respectively, in 2008 (P ≤ 0.05). 
Similarly, increases of 16 and 10 mg kernel-1 occurred in 2009 (P ≤ 0.05). We attribute these 
improvements in individual kernel weight to enhanced post-flowering N uptake and stay-green (i.e., 
delayed leaf senescence) in the HXX hybrids. Additionally, N uptake efficiency (NUpE) of HXX hybrids 
was increased indicating that transgenic protection from corn rootworm feeding is a valuable strategy for 
maintaining root activity and the capacity for N uptake. 
Four general N use strategies are exemplified in the IBM RIL population. The primary strategies 
include high yield at low N accompanied by a small yield response to applied fertilizer N (Group 1; 
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approx. 30% of hybrids evaluated), and low yield at low N accompanied by a large response to fertilizer 
application (Group 2; approx. 34% of hybrids evaluated). Group 1 hybrids produced approximately 1.4 
Mg ha-1 more grain than group 2 at low N (0 kg N ha-1), while Group 2 hybrids had a 2.1 Mg ha-1 greater 
response to applied fertilizer N (252 kg N ha-1). As a result, grain yields of both groups were not 
significantly different (mean = 9.2 Mg ha-1) when N was not limiting. Group 1 hybrids were characterized 
by higher than average genetic N utilization (GU; grain yield per unit of plant accumulated N under 
unfertilized conditions) resulting in greater kernel number at low N, while Group 2 hybrids had higher 
NUpE and NUtE. An additional underrepresented group of germplasm in the IBM RIL population 
(approx. 18% of hybrids evaluated) is that which has a high yield under N limiting conditions and a large 
response to fertilizer N. As grain yield at low N and response to fertilizer N were negatively correlated in 
the IBM RIL population, it is likely that these hybrids combine favorable alleles that influence these 
characteristics. 
A total of 94 quantitative trait loci (QTL) were identified using composite interval mapping. This 
analysis suggested that glutamine synthetase genes [glutamine synthetase1-4 (gln4) and glutamine 
synthetase1-2 (gln2)] may be involved in the genetic control of yield components (e.g., kernel number 
and individual kernel weight). Twenty-three QTL were identified for individual kernel weight. This result 
along with the finding that the HXX trait positively influences kernel weight in hybrids formed from the 
IBM RIL population suggests that this population may be a valuable genetic resource for understanding 
the genetic architecture of maize kernel weight. 
INTRODUCTION 
Nitrogen use efficiency (NUE) represents an important target for maize breeding programs. Previous 
research demonstrated that genetic variability exists for NUE and its components, N uptake and N 
utilization (Moll et al., 1982). Quantitative trait loci (QTL) mapping represents a commonly used, yet 
powerful approach to identify regions of the genome associated with agronomically important traits. A 
number of previous studies have reported QTL associated with N use traits (Agrama et al., 1999; Bertin 
and Gallais, 2001; Hirel et al., 2001; Gallais and Hirel, 2004; Coque and Gallais, 2006; Coque et al., 
2008); however, the definition of NUE and the importance placed on component traits can often vary 
across studies. NUE is often defined as the ratio of grain yield to N availability. This approach can be 
misleading since it is difficult to separate the contribution of mineralized soil N to grain yield measured 
for a treatment receiving an application of fertilizer N. Thus, the definition of NUE used throughout this 
paper is the agronomic or fertilizer use definition, calculated as the increase in grain yield per unit of 
applied fertilizer N over the unfertilized check plot treatment (0 kg fertilizer N ha-1). As such, this 
approach necessitates an understanding of grain yield and N use traits at both low and high N, and how 
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yield components respond to increased N supply. Furthermore, it is clear that present goals to double the 
yields of core crop species like maize will require genetic modifications that increase tolerance to stresses 
such as low N supply, drought, and increased plant density, as well as the ability to respond efficiently to 
agronomic inputs like fertilizer N (Edgerton, 2009). Substantial increases in yield will require further 
application of fertilizer N; however, concerns over the economic and environmental impacts of N will 
require a renewed focus on cultural and genetic modifications that improve N uptake efficiency and 
responsiveness to fertilizer application. 
Maize hybrids possessing transgenic resistance to corn rootworm (Diabrotica spp.) feeding are 
becoming increasingly valuable in corn production, particularly in east-central Illinois which experiences 
heavy rootworm pressure in many years. Although the grain yield differences between corn rootworm 
protected hybrids and their null counterparts can be quite dramatic, the specific physiological mechanisms 
by which these yield increases result have not yet been fully characterized. Clearly, suppression of 
rootworm larval feeding protects the investment that the plant has made in the root system and maximizes 
critical root functions such as water uptake and nutrient acquisition. Increased uptake of N, in particular, 
might explain the increased yield attributable to transgenic rootworm protection strategies such as the 
HERCULEX® XTRA (HXX) trait. Therefore, the primary objective of this study was to phenotype a 
population of recombinant inbred lines (intermated B73 x Mo17 recombinant inbred lines) at the test-
cross level using a commercially relevant tester in its near-isogenic non-HXX and HXX versions to better 
understand the impact of transgenic corn rootworm protection on maize grain yield and the uptake and 
utilization of N. Additional objectives were to i) understand the relationship between grain yield at low N 
and response to fertilizer N in the IBM RIL population, and ii) use the measured phenotypic data to 
identify QTL underlying yield components and N use traits.  
MATERIALS AND METHODS 
Germplasm 
Ninety-eight female inbreds were used in this experiment, which consisted of recombinant inbred 
lines from the intermated B73 x Mo17 population (IBM RILs). The IBM RILs specific to this study were 
chosen based on previous data collected in 2006 and 2007 (Nichols, 2008), and were selected to minimize 
differences in flowering time that might confound measurements of biomass and N uptake. The IBM RIL 
population was developed by crossing B73 and Mo17 followed by four cycles of random mating to 
increase the potential for further recombination prior to inbreeding (Lee et al., 2002). B73 and Mo17 
represent a commonly used stiff-stalk by non stiff-stalk heterotic pattern used in North American, and 
serve as the ancestral lines to many current, commercially used inbreds (Mikel and Dudley, 2005; Mikel, 
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2011). Thus, this population is a valuable resource for QTL identification and agronomic trait research 
that is relevant to more recent breeding populations. A challenge, however, is that the B73 x Mo17 cross 
combines germplasm from two different heterotic groups making selection of an unrelated tester 
challenging. As a result, a commercial tester from the Iodent heterotic sub-group was chosen for its 
similar combining ability with both B73 and Mo17. Each of the 98 female lines were crossed to the tester 
line (designated as non-HXX) and a near-isogenic line containing the HERCULEX® XTRA trait 
(designated as HXX), to create a total of 196 hybrids. The HXX trait was engineered to confer resistance 
to lepidopteran pests (Event TC1507; Cry1F protein from Bacillus thuringiensis) and corn rootworm 
(Diabrotica spp.) (Event DAS-59122-7; Cry34Ab1/Cry35Ab1 proteins from B. thuringiensis). 
Cultural practices, experimental design, and treatments 
Field experiments were conducted during the 2008 and 2009 growing seasons on the Cruse Farm at 
the University of Illinois Department of Crop Sciences Research and Education Center (CSREC) in 
Champaign, IL. The soil at this site is a Drummer-Flanagan soil association (fine-silty, mixed, 
superactive, mesic Typic Endoaquolls) typical of east-central Illinois with 4.4% organic matter and 6.2 
pH. The field trials were mechanically planted on 07 May 2008 and 21 May 2009. Plots were overplanted 
and thinned to achieve a final plant density of approximately 79,072 plants ha-1. Pre-emergence weed 
control consisted of applications of S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-
1-methylethyl)acetamide), atrazine (6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine), and 
mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedione). All plots received an in-
furrow application of chlorpyrifos (2008 trial) or tefluthrin (2009 trial) at recommended application rates 
for control of seedling insect pests. These insecticide products are labeled for control of corn rootworm 
larval feeding. Therefore, a base level of insect control was provided by the soil-applied insecticide, and 
measured HXX trait responses are in addition to the effect of the soil-applied insecticide. 
A strip-plot with split-plot arrangement in a randomized complete block design with three replications 
was used in which female parents (IBM RILs) and N rates were in a strip-plot arrangement. Male testers 
(i.e., non-HXX vs. HXX isolines) were assigned to plots within the intersection of female parent and N 
rate (Milliken and Johnson, 2009). Each female parent x N rate x tester sub-plot consisted of two rows, 
5.3 m in length with 76 cm row spacing. Nitrogen was applied as granular ammonium sulfate 
((NH4)2SO4; 21-0-0-24S) in a diffuse band after emergence and incorporated between V2 and V3. The N 
rates used in the study were 0 and 252 kg N ha-1 to characterize the low N tolerance and maximum 
fertilizer N response of each hybrid entry.  
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Phenotyping methods 
Plant N uptake and partitioning of biomass and N were estimated from plant samples collected at silk 
emergence (R1) and at physiological maturity (R6) when at least 50% of the plants exhibited a visible 
black layer at the base of the kernels (Ritchie et al., 1997). Five representative plants per plot were 
sampled (above-ground biomass only) and separated into ear (grain + cob) and stover (leaf + stem + husk) 
fractions. Plants sampled at R1 contained only the stover fraction. The fresh weight of the stover fraction 
was determined prior to shredding using a commercial brush chipper (Vermeer BC600XL). A 
representative aliquot of the shredded material was dried to constant weight in a forced-draft oven (75 
oC). Dried stover aliquots were ground in a Wiley mill to pass a 20-mesh screen, and analyzed for total N 
concentration (g kg-1) using a combustion technique (NA2000 N-Protein, Fisons Instruments). Total 
stover N content was calculated by multiplying the per-plant dry stover biomass by the stover N 
concentration. Total dry plant biomass (g plant-1) was calculated as the sum of the dry stover, grain, and 
cob fractions. Grain protein concentration was measured using near-infrared transmittance spectroscopy 
(NIT) (Infratec 1241 Grain Analyzer, FOSS). Grain N concentration was estimated from protein 
concentration using a factor of 6.25. Grain N content was calculated by multiplying the per-plant grain 
weight by the grain N concentration. Total N content (g plant-1) was calculated as the sum of the stover 
and grain N contents. N uptake on a per-area basis was estimated by multiplying per-plant N content by 
the target plant densities (79,072 plants ha-1). 
One row of each plot was manually harvested. Grain yields are expressed as Mg ha-1 at 0 g kg-1 
moisture. Individual kernel weights were estimated by counting 300 kernels from a representative grain 
subsample using an electronic seed counter. Individual kernel weights are expressed as mg kernel-1 at 0 g 
kg-1 moisture. Kernel number (ear-1) was algebraically derived using the total plot grain weight, the 
estimate of individual kernel weight, and the number of harvested ears. 
Using grain yield and plant N uptake measurements, N use efficiency (NUE; kg kgN-1) and its 
components, N uptake efficiency (NUpE; kgplantN kgN-1) and N utilization efficiency (NUtE; kg kgplantN-1) 
were calculated according to Equations [1]-[3]: 
NUE = GYX – GY0
NRX
   [1] 
NUpE = NTX – NT0
NRX
   [2] 
NUtE = GYX – GY0
NTX – NT0
   [3] 
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where GYX corresponds to the grain yield (kg ha-1) at 252 kg N ha-1 and GY0 corresponds to the grain 
yield (kg ha-1) of the unfertilized check plot treatment (0 kg N ha-1); NRX is the fertilizer N rate (252 kg N 
ha-1); and NT0 and NTX represent the total plant N contents at the 0 and 252 kg N ha-1 rates (kg plant N ha-
1). Similarly, genetic N utilization (GU; kg kgplantN-1), which quantifies the physiological efficiency of N 
utilization for grain yield under unfertilized conditions was calculated according to: 
GU = GY0
 NT0
    [4] 
where GY0 corresponds to the per-plant grain yield (kg plant-1) of the unfertilized check plot treatment (0 
kg N ha-1) and NT0 (kg N plant-1) is the per-plant N uptake derived from residual or mineralized soil N. 
Statistical analysis and QTL mapping procedures 
The phenotypic data were analyzed using the MIXED procedure of SAS (SAS Institute, 2009). Year, 
nitrogen rate, female parent, and male parent were treated as fixed effects while replication nested within 
year was considered random. All two and three-way interactions were included in the model. The year x 
female x N rate x male interaction was never significant, and as such was removed from the model. Least 
square means were obtained from the PROC MIXED output and used for quantitative trait loci (QTL) 
mapping using Windows QTL Cartographer (Wang et al., 2007). A set of 1339 markers was used for the 
QTL analysis. The markers used are those available at http://www.maizegdb.org/qtl-data.php (verified 22 
May 2012). Composite interval mapping (CIM) using a ‘walking speed’ of 0.5 cM (centiMorgan) and a 
‘window size’ of 5.0 cM was performed. Permutation tests (1000 iterations) were used to determine the 
experiment-wise LOD (logarithm of the odds) significance threshold for each trait.  
Variance components were estimated for grain yield and N use efficiency traits using the MIXED 
procedure of SAS. Raw data for each trait were expressed as a percentage of the mean prior to estimation 
of variance components to allow for direct comparison across N rate x male parent treatments and to 
remove the scaling effect of larger means on variances (Presterl et al., 2003). Year, female parent, the 
female parent x year interaction, and replication nested within year were considered as random effects for 
this analysis. Variance components were estimated separately for each tester and at each level of N. Total 
phenotypic variance (σPଶሻ for each trait was calculated on an entry-mean basis according to: 
σPଶ ൌ σGଶ ൅ ஢G౮E
మ
୲ ൅
஢಍మ
୰୲   [5] 
where σGଶ  is the genetic variance, σG୶Eଶ  is the genotype by environment interaction variance, t is the 
number of environments (i.e., years), σகଶ is the error variance, and r is the number of replications per 
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environment. Broad-sense heritability (H2) was calculated as the ratio of genetic variance ሺσGଶሻ to total 
phenotypic variance (σPଶሻ. 
RESULTS AND DISCUSSION 
Weather conditions and crop phenology 
Although Champaign, IL experienced frequent, heavy precipitation in spring 2008, the growing 
season was generally favorable for crop growth and development (Table 6.1). Nearly 22.7 cm of total 
precipitation fell in the month immediately following planting with a total of 57.2 cm of precipitation 
occurring between 06 May 2008 and 06 September 2008. Temperatures were generally cool during the 
growing season with average maximum and minimum temperatures of 27.0oC and 16.2oC, respectively. 
Ample precipitation was received during the period leading up to flowering which occurred around during 
the third week of July. Physiological maturity occurred around 01 September 2008. 
Although 2009 was also a record-setting year for total precipitation (42.7 cm occurred between 21 
May and 21 September 2009), rainfall events were distributed more evenly throughout the growing 
season as opposed to the heavy spring and mid-summer precipitation measured in 2008. Average 
maximum and minimum temperatures of 27.2oC and 16.1oF were recorded between 21 May and 21 
September 2009. Flowering occurred during the first week of August and physiological maturity occurred 
around the third week of September. Despite the apparent similarities in weather conditions between 2008 
and 2009, biomass accumulation and grain yields were quite different between the two years, particularly 
at high N. 
Grain yield and yield components 
Grain yield in the IBM RIL population was influenced by N rate, female genotype, the HXX trait and 
the interactions of these main effects (Table 6.2). Under low N conditions in 2008, presence of the HXX 
trait resulted in a 0.98 Mg ha-1 increase in yield (P ≤ 0.05), while the trait conferred a nearly 1.3 Mg ha-1 
advantage under high N conditions (Table 6.3). Additionally, the response to nitrogen was increased 
slightly in HXX hybrids (Δ = 3.5 Mg ha-1) relative to their null counterparts (Δ = 3.2 Mg ha-1). These 
results suggest that HXX hybrids were more efficient at acquiring and/or utilizing N than hybrids not 
possessing the trait. Mean grain yields for non-HXX and HXX hybrids grown at low N were quite similar 
between 2008 and 2009 (Table 6.3). In contrast to 2008, 2009 was unique in that grain yield responses to 
fertilizer N were more than two times greater with mean responses of 7.7 Mg ha-1 and 7.4 Mg ha-1 for 
non-HXX and HXX hybrids, respectively. Although average grain yields at low N were similar between 
the years, 2009 was characterized by lower reproductive success (% of plants per plot to set a harvestable 
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ear). Reproductive success at low N in 2008 was 93% versus 95% for non-HXX and HXX hybrids in 
contrast to 74% versus 83% in 2009. This indicates that more plants were barren at low N in 2009, but 
those that did set a harvestable ear had increased grain weight per plant.  
Yield can be subdivided into several components including kernel weight and kernel number. Kernel 
number heavily influences yield, particularly under N limiting conditions, while kernel weight is usually 
less sensitive to environmental perturbations (Uhart and Andrade, 1995; Andrade et al., 1999; Borrás and 
Gambín, 2010). As with grain yield, kernel weight and kernel number were significantly impacted by the 
three main effects and their interactions (Table 6.2). N rate influenced kernel number more drastically 
than presence or absence of the HXX trait. Application of N fertilizer in 2008 increased kernel number by 
189 kernels ear-1 for the non-HXX hybrids while N increased kernel number by 179 kernels ear-1 for the 
HXX hybrids. The interaction of N rate x male parent was significant at P ≤ 0.05. As such, the kernel 
number increase attributable to the HXX trait was 21 kernels ear-1 at low N and only 11 kernels ear-1 at 
high N. The increased kernel number response to the HXX trait at low N suggests that increased N uptake 
promoted by a protected root system might reduce kernel abortion resulting from N deficiency. Consistent 
with the larger responses of grain yield to N measured in 2009, kernel number responses were 281 kernels 
ear-1 for non-HXX hybrids and 278 kernels ear-1 for HXX hybrids. HXX hybrids had fewer kernels per 
ear compared to non-HXX hybrids at both levels of N in 2009 suggesting that there could be a metabolic 
cost associated with maintaining a protected root system in some environments. 
Although kernel number was increased by the HXX trait at both low N and high N in 2008, the 
increase in kernel number was relatively minor compared to the overall yield increase attributable to 
rootworm protection. Using the average kernel weights for the non-HXX hybrids in 2008, an increase of 
21 kernels ear-1 at low N corresponds to a yield increase of roughly 0.38 Mg ha-1 while an increase of 11 
kernels ear-1 at high N corresponds to a yield increase of only 0.17 Mg ha-1. Therefore, the additional 0.6 
and 1.12 Mg ha-1 of grain yield at low N and high N resulting from the HXX trait in 2008 must have 
come from increased kernel weight. Kernel weight increases in 2008 were 29 mg kernel-1 at low N and 35 
mg kernel-1 at high N (P ≤ 0.05; Table 6.3). These results suggest that physiological processes governing 
the duration or rate of grain filling must have been impacted by the HXX trait. It was our general 
observation that HXX hybrids possessed green leaf area later into the season in both years, which 
suggests sustained photosynthate production and an increased duration of grain filling (Figure 6.2).  
The hybrids resulting from the IBM RILs had relatively low kernel numbers in 2008 relative to 
commercial maize hybrids grown in the same environment (data not shown). The effect of HXX 
rootworm protection on kernel weight in more modern hybrids with higher kernel numbers might not be 
as dramatic as what was measured in 2008 due to increased competition for photoassimilates. This 
hypothesis is supported by the kernel weight responses measured in 2009. Although the HXX trait still 
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contributed to kernel weight increases of 16 mg kernel-1 at low N and 10 mg kernel-1 at high N, the 
responses were not as large as those in 2008, presumably as a result of increased kernel number at both 
levels of N. Despite the differences in magnitude of kernel weight responses between the years, it is clear 
that the HXX trait impacts kernel weight in hybrids resulting from the IBM RIL population. It is not clear 
which mechanisms are responsible, but increased stay-green as a result of improved post-flowering N 
uptake or altered cytokinin synthesis/degradation are intriguing possibilities. 
Biomass accumulation, partitioning, and N uptake 
Grain yield is a product of total crop biomass accumulation and partitioning of this biomass to the ear 
(i.e., harvest index) (Donald and Hamblin, 1976; Sinclair, 1998). Thus, yield increases resulting from 
transgenic corn rootworm protection should be reflected in either biomass accumulation or harvest index 
(HI). Total above-ground biomass was measured at both flowering (R1) and physiological maturity (R6) 
to quantify the impacts of N fertility and the HXX trait on biomass traits (Tables 7.2 and 7.4). Averaged 
across years, N application increased biomass accumulation at flowering by approximately 24% (Table 
6.4; P ≤ 0.05). Hybrids possessing the HXX trait accumulated approximately 6% more biomass under low 
N relative to their non-HXX counterparts in both years, while the HXX effect was only significant under 
high N in 2009 (+7 g plant-1; P ≤ 0.05). The response of plant N uptake at flowering followed a similar 
pattern to that of biomass accumulation (Table 6.4). There were no significant increases in N uptake at 
flowering attributable to the HXX trait in 2008; however, significant increases of +0.07 g plant-1 and 
+0.18 g plant-1 were measured in 2009 (P ≤ 0.05). Despite remarkable yield increases resulting from the 
HXX trait in both years, the impact of this insect protection trait on plant growth and N accumulation 
during the critical period for determining kernel number appears to be subtle and inconsistent. Since much 
of the yield improvement from the HXX trait documented in this study was a result of increased kernel 
weight, the benefit of this trait may be fully realized post-flowering during the period of active grain 
filling.  
Harvest index (HI) describes the proportion of total dry matter at R6 that exists as grain. Modern 
maize hybrids grown under adequate levels of N typically have harvest indices of 0.50 to 0.55 (Lorenz et 
al., 2010; Ciampitti and Vyn, 2011). In 2008, HI under low N conditions averaged across hybrids was 
0.28 while HI under high N conditions was 0.48 (Table 6.4). The HI under high N conditions was 
somewhat lower than expected but consistent with varying degrees of kernel abortion observed at the 
apices of ears. Male parent did not significantly affect harvest indices in 2008 although HI in HXX 
hybrids trended 0.1 higher under both levels of N. In 2009, there was a 0.1 unit increase (P ≤ 0.05) in HI 
for HXX hybrids under low N conditions while HI at high N was identical (0.53) in both non-HXX and 
HXX hybrids. The small effect of HXX on HI implies that the grain yield increases associated with the 
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HXX trait are largely a result of improved biomass accumulation at physiological maturity (R6). This 
improvement in biomass accumulation is particularly noticeable at low N with an average increase of 
6.7% across both years. Increased biomass accumulation at R6 is consistent with improved N uptake 
since it has been shown that shoot growth potential is mostly responsible for driving N uptake capacity in 
maize (Peng et al., 2010; Ciampitti and Vyn, 2011). Although increased biomass accumulation and N 
uptake are likely mechanisms by which the HXX trait impacts grain yield, it is possible that other 
uncharacterized metabolic or root-mediated factors (i.e., uptake of other nutrients or improved hormonal 
balance) could be affected by transgenic rootworm protection. 
At physiological maturity (R6) there were significant effects of N rate, female parent, and male parent 
on total plant N accumulation (Table 6.2). Averaged across hybrids, application of N fertilizer increased 
plant N content at R6 by 1.1 g plant-1 in 2008 and 2.2 g plant-1 in 2009  (Table 6.4). The presence of the 
HXX transgene significantly increased N content by approximately 0.1 g plant-1 at both low and high N in 
2008. Similarly, the HXX trait increased N content by 0.1 g plant-1 at low N and by 0.2 g plant-1 at high N 
in 2009 (P ≤ 0.05). Therefore, it appears that the improved N uptake phenotype of HXX hybrids is 
consistent across years, although the resulting increase in grain yield is more dependent on environment. 
The increased plant N content attributable to the HXX trait at R6, but not necessarily at R1, suggests that 
N uptake by HXX hybrids continues post-flowering. This is consistent with the observed stay-green 
phenotype of HXX hybrids and the larger kernel weights indicative of prolonged photosynthetic capacity. 
Under low N conditions, the HXX trait resulted in numerical increases in post-flowering N uptake 
(difference in plant N content between R1 and R6) of 0.07 g plant-1 in 2008 and 0.02 g plant-1 in 2009. 
Similarly, at high N, the numerical increases in post-flowering N uptake were 0.12 g plant-1 in 2008 and 
0.02 g plant-1 in 2009. Although it would be difficult to declare significance on these small differences in 
plant N content, it is reasonable to speculate that greater root protection from the HXX trait results in a 
more active root system later in the season.  
Nitrogen use traits   
Nitrogen use efficiency (NUE) and its components, N uptake efficiency (NUpE) and N utilization 
efficiency (NUtE), were calculated at 252 kg N ha-1 (Tables 7.5 and 7.6). Averaged across hybrids, 
presence of the HXX trait increased NUE by 1.1 kg kgN-1 in 2008 and decreased NUE by 1.3 kg kgN-1 in 
2009. Since NUE is calculated as the increase in grain yield between 0 and 252 kg N ha-1 divided by the 
fertilizer application rate (252 kg N ha-1), it is simply a measure of N response. Grain yield at low N and 
NUE were negatively correlated for IBM RIL hybrids using both the non-HXX tester (r = -0.59; ≤ 0.001) 
and HXX tester (r = -0.56; P ≤ 0.001) (Table 6.7). Thus, the HXX-trait yield increase at low N in 2009 of 
0.65 Mg ha-1 accompanied by a yield increase at high N of only 0.33 Mg ha-1 explains the reduced NUE. 
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This relationship between grain yield at low N and NUE also shows that genotypes with high NUE may 
not always be the hybrids with the greatest yields. 
There was a consistent increase in NUpE for HXX hybrids in both years.  In 2008, NUpE averaged 
0.34 kgplantN kgN-1 for HXX hybrids compared to 0.32 kgplantN kgN-1 for non-HXX hybrids (P ≤ 0.05). 
Although average NUpE values were considerably higher for both groups of hybrids in 2009, the HXX 
trait continued to provide superior N uptake. Averaged across hybrids, the HXX trait resulted in NUpE 
values of 0.60 kgplantN kgN-1 compared to 0.56 kgplantN kgN-1 for non-HXX hybrids (P ≤ 0.05). Although 
somewhat higher in HXX hybrids, NUtE was not significantly affected by male parent in 2008. The 
opposite was true in 2009 with a small, yet significant decrease (1.1 kg kgplantN-1; P ≤ 0.05) in NUtE for 
HXX hybrids. Collectively, these results suggest that HXX increases yield by enhanced N uptake 
consistent with our original hypothesis. NUtE (kg kgplantN-1) is the efficiency with which the plant utilizes 
accumulated N to produce grain and might be more affected by female parent and environment so it is not 
clear how the HXX trait increases or decreases NUtE. Similarly, genetic utilization (Tables 7.6), which is 
the ability of the plant to use accumulated N at low N to produce grain, appears to be decreased by the 
presence of the HXX trait in both years. This suggests that the efficiency of N utilization at low N might 
become less important with increasing ability to acquire soil N by virtue of the HXX trait.  
Grain protein concentration was also affected by the HXX trait in both years of this study (Table 6.7). 
At low N, the HXX trait increased grain protein concentration from 64 to 69 g kg-1 in 2008 and from 59 to 
62 g kg-1 in 2009 (P ≤ 0.05). At high N, there appeared to be an interaction with year as grain protein 
concentration was decreased slightly in HXX hybrids grown in 2008 while it was increased in 2009. The 
increase in grain protein concentration in HXX hybrids grown at low N provides evidence for further 
improvement of rootworm protection as a yield enhancing trait. For example, improved N uptake 
resulting in more kernels with equal or increased grain protein concentration might be a desirable strategy 
for increasing yield and maintaining grain quality under N limiting conditions. 
Phenotypic correlations 
Both groups of hybrids demonstrate the importance of kernel number in determining yield under low 
N conditions in both years (Table 6.7). Correlation values of r = 0.70 and r = 0.61 (P ≤ 0.001) were 
calculated for the relationship between grain yield and kernel number at low N for non-HXX and HXX 
hybrids, respectively. Kernel weight was not significantly correlated to grain yield at low N, while kernel 
number and weight under low N exhibited a negative relationship for both hybrid groups (P ≤ 0.001). 
Under high N conditions, kernel weight contributed to grain yield with correlations of r = 0.48 and r = 
0.40 (P ≤ 0.001) for non-HXX and HXX hybrids, respectively. NUE (i.e., increase in grain yield per unit 
of applied N fertilizer) was negatively associated with grain yield at low N (r = -0.52 and -0.56 for non-
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HXX and HXX, respectively). This indicates that hybrids with large responses to fertilizer N are not 
necessarily the highest yielding under N limiting conditions. Further breeding efforts should strive to 
combine these characteristics into elite germplasm; however, the significant, negative relationship 
between these traits suggests that this approach may difficult to achieve. 
N uptake and N utilization efficiencies had similar correlations to NUE for both non-HXX and HXX 
hybrids (Table 6.7). The relationships between NUpE, NUtE, and grain yield at 252 kg N ha-1 varied for 
each tester. Combined across years, grain yield of non-HXX hybrids was highly correlated with N uptake 
efficiency (r = 0.65; P ≤ 0.001) and not significantly correlated (r = -0.01) with N utilization. In contrast, 
grain yield of HXX hybrids was positively and significantly correlated with both NUpE (r = 0.65; P ≤ 
0.001) and NUtE (r = 0.25; P ≤ 0.01). These results suggest that NUpE is the primary contribution to 
NUE, and provide validation for the importance of transgenic rootworm protection in enhancing N 
fertilizer recovery. Furthermore, removal of insect feeding on roots as a limitation to N uptake may allow 
genetic variation in NUtE to be more fully expressed.  
Genetic utilization was significantly correlated to grain yield at low N for both hybrid groups with 
correlation coefficients of r = 0.63 and r = 0.52 for non-HXX and HXX hybrids, respectively (Table 6.7).  
Genetic utilization is defined as the grain produced per unit of plant N content at low N so it is not 
completely adequate for describing other genotypic differences that contribute to grain yield at low N 
such as barrenness resulting from floral asynchrony. The physiological mechanisms underlying the 
genetic utilization trait have not yet been fully elucidated; however, there is a strong negative correlation 
between grain protein concentration at low N and genetic utilization (r = -0.66; P ≤ 0.001). This suggests 
that genotypic differences exist in how N assimilate levels or amino acid composition are sensed by the 
plant and used for irreversible reproductive decisions such as kernel abortion or metabolic 
preconditioning for endosperm storage protein deposition. Recent evidence (Seebauer et al., 2004; 
Seebauer et al., 2010) suggests that the composition of amino acids in the developing earshoot at 
pollination is a mechanism that regulates these processes. Additionally, selection for low grain protein 
concentration at low N might also be a straightforward selection method for improving grain yield that 
could be particularly useful in early-generation testing. 
N use strategies of IBM RIL hybrids 
Based on the means for grain yield at low N and response to N fertilizer, hybrids were classified into 
four general groups. This classification is depicted graphically in Figure 6.2. This categorization scheme 
was used for hybrids without the HXX transgene to assess the full range of N use types in the absence of 
possible female x HXX trait interactions. Each of the four groups was assigned relative to the mean check 
plot yield (i.e., grain yield at 0 kg N ha-1) and mean yield response at 252 kg N ha-1 for each year. For 
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example, hybrids with above average grain yield at low N and an above average response to N fertilizer 
were placed in the ‘high check plot yield, high N response’ group. Hybrids classified as ‘low check plot 
yield, high N response’ and ‘high check plot yield, low N response’ composed a total of 63% of the 
hybrids while the other two groups combined to represent approximately 37% of the hybrid panel. The 
large proportion of hybrids in the two categories with contrasting N use characters is another indication of 
the negative relationship between grain yield at low N and response to fertilizer N. Classification of 
hybrids into groups based on their check plot yields and N responses was performed separately for each 
year. Grain yield was significantly affected by the year x female interaction (Table 6.2; P ≤ 0.001), which 
might lead to hybrids being classified differently according to year. Approximately 65% of the hybrid 
entries were consistently classified for check plot yield, while only 59% of hybrids were consistently 
classified for N response. When check plot yield and N response were considered jointly, only 40% of 
hybrids were classified in the same groups in both years.  
Different yield component strategies are exemplified by each of these groups in the use of N to 
produce yield (Table 6.8). Those hybrids classified in the ‘low N response’ categories had average yield 
increases of 2.7 Mg ha-1 in 2008 and 6.8 Mg ha-1 in 2009 in response to N fertilizer, while those hybrids 
in the ‘high N response’ categories had average yield increases of 3.7 and 8.4 Mg ha-1 in 2008 and 2009, 
respectively. Increased responsiveness to N for ‘high N response’ groups versus ‘low N response’ groups 
resulted in significantly improved NUE in both years. In 2008, NUE of ‘high N response’ groups was 
increased by 38% relative to ‘low N response’ groups (P ≤ 0.05). Similarly, an enhancement in NUE of 
24% was measured in 2009 (P ≤ 0.05). It is clear that the ‘high N response’ hybrids exhibited strong 
kernel number responses to applied N. The average kernel number increases in the ‘high N response’ 
groups were 206 and 306 kernels ear-1 in contrast to responses of only 171 and 255 kernels ear-1 for ‘low 
N response’ groups in 2008 and 2009, respectively. There were no clear distinctions in the response of 
individual kernel weight to applied fertilizer N. This suggests that modulating kernel weight as a tool to 
improve yield in maize will be difficult; however, this approach should be explored in greater detail since 
morphological limitations to kernel number per ear probably exist. 
Although NUE and its components, NUpE and NUtE, likely reached minimum values at the high 
level of N fertilization used in this study, they are still useful for making general comparisons between 
groups of hybrids. For example, the ‘high N response’ groups had the largest values of NUE in both 
years, which were generally obtained through a combination of high NUpE and high NUtE. Similarly, the 
‘high check plot yield’ groups had larger genetic utilization values relative to the ‘low check plot yield’ 
groups. These four groups represent the general maize response to N strategies and illustrate potential 
product concepts to be targeted by breeding and transgenic approaches. Based on conventional breeding 
practices which primarily select for grain yield under conditions of optimal agronomic management, the 
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‘low check plot yield, low N response’ hybrids are clearly selected against because of their low yield 
potential. Based on our previous and ongoing research with modern commercial hybrids, we believe that 
the ‘low check plot yield, high delta’ and ‘high check plot yield, low delta’ groups represent the majority 
of commercial maize hybrids currently available in the market. Although both groups achieve similar 
yields under high N conditions, the ‘low check plot, high delta’ hybrids might lack yield stability under a 
wide range of field conditions and as such might not represent the most successful product concept for 
improving maize N use. Clearly, the ‘high check plot yield, high N response’ group is the most desirable 
product concept, yet this group represents only a small proportion of the hybrids in this study 
(approximately 18% of hybrids). If the objective is to have a hybrid which exhibits high NUE, but also 
has high yield under N limitations, then a strategy must be devised to understand the key genetic and 
metabolic differences between the four general N use strategies identified in this study. 
Variance components and heritability of yield and N use traits 
Variance components were estimated for grain yield and N use traits at each level of N for non-HXX 
and HXX hybrids (Table 6.9). These variance components allow for the calculation of broad-sense 
heritability values (H2). The analysis indicated that genotype x year (G x Y) and error variances were 
usually larger relative to genetic variance for grain yield measured on an area basis (Mg ha-1). As a result, 
calculated heritabilities were low, ranging from 0.09 for non-HXX hybrids at high N to 0.38 for non-
HXX hybrids at low N. R6 grain weight (g plant-1) was a more heritable measure of grain yield with only 
non-HXX test-crosses at high N exhibiting a non-significant estimate of genetic variance. Kernel weight 
was clearly the most heritable component of grain yield with genetic variance estimates that were at least 
two and a half times larger than the estimates of G x Y or error variance. The heritability of kernel weight 
appeared to be strengthened when evaluated in the HXX background, which is consistent with the 
phenotypic data that indicated that kernel weight was the yield component most consistently affected by 
the HXX trait.  Interestingly, the heritabilities of NUE, NUpE, and GU were lower when evaluated in the 
HXX background, while the heritability of NUtE was increased in the HXX background. This might 
indicate that the HXX trait provides a more consistent N uptake phenotype in which genetic differences in 
N utilization efficiency at high N can be better detected. From a breeding perspective, it does not appear 
that the use of the HXX trait in early-generation breeding material would provide a distinct advantage for 
selection of N use related traits. The high heritabilities of kernel weight and grain protein concentration 
suggest that at least some of the QTL detected for these traits should be repeatable across years. 
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QTL analysis 
A total of 94 QTL were identified for eleven yield and N use traits across the two years of this study 
(Tables 7.10 and 7.11). QTL analysis was performed separately for hybrids with non-HXX or HXX 
testers. Within each yield trait, QTL were identified that were specific to an N rate, or which were 
associated with the response of the trait to fertilizer N. QTL interval sizes ranged from 2.2 to 26.9 cM 
with an average interval size of 11.6 cM in 2008, and from 1.5 to 27.0 cM with an average interval size of 
12.3 cM in 2009. The position, interval size, additive effect, peak LOD score, and coefficient of 
determination for each QTL are given in Tables 7.10 and 7.11. Values of additive effects and coefficients 
of determination should be interpreted with some caution. These values are subject to overestimation due 
to the limited number of recombinant inbred lines (98) used in this study (Bernardo, 2006).   
Quantitative trait loci for kernel weight represented the largest number (23) of QTL detected in this 
study. This result is not surprising since kernel weight was the yield component most affected by the 
HXX transgene. Additionally, the large number of kernel weight QTL might suggest that kernel weight is 
a largely untapped resource for increasing grain yields. A QTL detected in 2008 for kernel weight in the 
HXX background (252 kg N ha-1) was detected in bin 5.06, which is coincident with the glutamine 
synthetase1-4 (gln4) gene. The apparent role of this gene in determining kernel weight was established 
previously by Martin et al. (2006) who showed that kernel weight in a gln1-4 mutant was reduced by 30% 
relative to the wild-type control. Although gln1-4 is expressed in many plant tissues, Rastogi et al. (1998) 
showed the gene was preferentially expressed in root tissue. Glutamine synthetase also influences kernel 
number (Martin et al., 2006; Broyart et al., 2010). For example, a QTL detected in 2008 for kernel 
number in the HXX background (252 kg N ha-1) was detected in bin 1.09 and was coincident with gln2. 
Rastogi et al. (1998) demonstrated that gln2 is preferentially expressed in the kernel pedicel and that its 
expression increases during kernel development. Nichols (2008) also detected QTL for glutamine (Gln) 
and glutamic acid (Glu) in the same genomic region. Other QTL detected in 2008 were coincident with 
QTL detected by Nichols (2008). For example, a group of QTL was identified in bin 2.05 between 
markers umc131 and umc1028. This cluster included QTL related to kernel weight, NUpE, NUtE, R6 N 
content, and grain protein concentration. Nichols (2008) identified QTL for alanine (Ala) and glycine 
(Gly) in this same genomic region. Interestingly, the QTL for grain protein concentration within this 
cluster is coincident with prolamin-box binding factor1 (pbf1) which is involved in initiation of seed 
storage protein accumulation (Wang et al., 1998; Hwang et al., 2004). This result supports the large role 
that accumulation of N by the grain has on overall plant N use characteristics.  
Several QTL were detected in both years. For example, two QTL for genetic utilization mapped in the 
same interval (332.7 to 360.0 cM) on chromosome 1(S) in both years with an average position estimate of 
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345.3 cM. Similarly, two QTL for NUE on chromosome 1(S) were detected in the same interval (348.5 to 
374.7 cM) in both years with an average position estimate of 358.9 cM. A QTL for kernel weight at high 
N in 2008, and a QTL for kernel number at high N in 2009 mapped near the same position on 
chromosome 1(L) (bin 1.06). Although the trait for which the QTL was detected changed depending on 
the year, it is not unreasonable to conclude that certain candidate genes might affect different yield 
components depending on the environment in which the mapping population is evaluated. Four QTL were 
detected at 71.0 cM on chromosome 2; one for grain protein concentration at low N in 2008 (HXX 
background), one for kernel weight at low N in 2009, and two for grain protein concentration at low N in 
2009 (in both backgrounds). This QTL appears to be a strong candidate affecting grain protein 
concentration and kernel weight which is influenced by storage protein accumulation. Although high 
grain protein concentration is not necessarily a desirable trait under N limiting conditions, further 
validation of this QTL might provide strategies for manipulating the partitioning of N assimilates toward 
increased kernel number at low N. 
CONCLUSIONS 
The results of this study clearly illustrate the role that biotechnology can have in improving maize 
grain yield and nitrogen use through simple strategies such as transgenic insect protection. Grain yield 
was increased in hybrids containing the HXX transgene in both years although it appears that the 
magnitude of the yield increase depended on N regime and the yield potential of the environment. In 
2009, overall grain yields were higher due to an increased response to fertilizer N yet the average HXX 
advantage was smaller. N uptake efficiency was clearly improved by the HXX trait in both years 
suggesting that the trait is an invaluable tool for improving this component of NUE, yet further work 
needs to be completed to understand the environmental and genetic regulation of N utilization efficiency 
and genetic utilization. Kernel weight was increased significantly by the HXX trait in both years and at 
both levels of N, but it is not clear whether this response is unique to the HXX trait or results from the 
unique combination of the IBM RIL parents crossed to a more modern, transgenic tester. Further work 
using the IBM RIL population in combination with a HXX tester should focus on the genetic or 
physiological bases for quantitative variation in the stay-green or kernel weight responses.  
Classification of hybrids based on their grain yield at low N and responsiveness to N fertilizer 
revealed a diversity of strategies in the IBM RIL population for achieving yield and using N fertilizer that 
likely represent the portfolio of approaches in hybrids of current commercial status. Most hybrids formed 
from the IBM RIL panel exhibited either lower than average grain yield at low N with a larger than 
average response to fertilizer N, or higher than average performance at low N with a reduced response to 
fertilizer N. These two groups of hybrids had similar yield with ample N; however, possessing poor 
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performance at low N has important implications for grain yield stability. Hybrids with exceptional 
performance for both check plot yield and N response were less abundant. Efforts to double average 
maize yields will require improvement of germplasm that can tolerate stresses such as low N while also 
possessing large, efficient responses to inputs such as fertilizer N. As such, the genetic and physiological 
bases for these characteristics must be understood to facilitate further advances in maize germplasm 
improvement. QTL mapping represents one approach to characterizing the genetic architecture underlying 
complex agronomic traits like N use efficiency. The QTL results of this study reinforce the importance of 
glutamine synthetase and its probable role in amino acid synthesis/conversion for establishing yield 
components, particularly the sink capacity of individual kernels. Although the response of kernel weight 
to N did not exhibit much variation in the IBM RIL population, several QTL were identified for this 
kernel weight, which suggests that further manipulation of kernel weight for improving grain yield and N 
use of maize is possible.     
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FIGURES AND TABLES 
 
 
Table 6.1. Average monthly weather data at Champaign, IL for the period 
between 1 May and 30 September in 2008 and 2009. Tmin and Tmax are the 
minimum and maximum daily temperatures, respectively. Values in 
parentheses are the deviations from the 10-yr average (2000-2009) at 
Champaign, IL. 
Year Month Tmin Tmax Precipitation 
  ------------------------------ oC ------------------------------ ---------- cm ---------- 
2008 May 9.4 (- 1.4) 20.7 (- 2.6) 14.9 (+  5.3) 
 June 18.0 (+1.8) 28.8 (+0.7) 13.0 (+  4.0) 
 July 18.7 (+0.8) 29.1 (- 0.3) 20.2 (+  8.1) 
 August  17.1 (- 0.5) 28.4 (- 0.6) 1.7 (-   7.4) 
 September 14.3 (+1.2) 25.7 (- 0.6) 20.2 (+12.6) 
     
2009 May 11.4 (+0.6) 23.1 (- 0.3) 13.0 (+3.4) 
 June 17.3 (+1.1) 28.4 (+0.3) 10.8 (+1.8) 
 July 16.5 (- 1.4) 26.6 (- 2.8) 15.6 (+3.5) 
 August  16.1 (- 1.4) 27.2 (- 1.8) 13.7 (+4.6) 
 September 14.3 (+1.1) 25.0 (- 1.3) 1.6 (- 6.0) 
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Table 6.2. Significance of F values for fixed sources of variation for yield traits, biomass traits, and grain 
protein concentration. A linear mixed model approach was used in which replication nested within year was 
included as a random effect. 
 Source of variation 
Trait Year (Y) Female (F) Y x F N rate (N) Y x N F x N Y x F x N 
 ---------------------------------------------------------------------------------------------------- P > F ---------------------------------------------------------------------------------------------------- 
Grain yield 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.049 
Kernel number <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.275 
Kernel weight 0.059 <0.001 <0.001 <0.001 <0.001 <0.001 0.285 
Repro success <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
R1 biomass 0.079 <0.001 0.003 <0.001 0.782 0.138 0.214 
R1 N content 0.151 0.265 0.036 <0.001 0.014 0.037 0.496 
R6 grain  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.080 
R6 biomass <0.001 <0.001 0.002 <0.001 <0.001 0.002 0.092 
R6 N content <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.038 
Harvest index <0.001 <0.001 0.003 <0.001 0.230 <0.001 0.089 
Grain protein 0.001 <0.001 0.005 <0.001 0.051 <0.001 <0.001 
        
 Male (M) Y x M F x M N x M Y x F x M Y x N x M F x N x M
 ---------------------------------------------------------------------------------------------------- P > F ---------------------------------------------------------------------------------------------------- 
Grain yield <0.001 <0.001 <0.001 0.948 0.001 < 0.001 0.572 
Kernel number 0.098 <0.001 0.212 0.033 <0.001 0.388 0.795 
Kernel weight <0.001 <0.001 <0.001 0.710 0.004 <0.001 0.580 
Repro success <0.001 <0.001 0.004 <0.001 0.310 <0.001 0.007 
R1 biomass <0.001 <0.001 0.306 0.184 0.020 0.059 0.649 
R1 N content <0.001 <0.001 0.403 0.046 0.214 0.001 0.607 
R6 grain <0.001 0.017 0.413 0.377 0.010 <0.001 0.012 
R6 biomass <0.001 0.048 0.100 0.163 0.014 0.123 0.005 
R6 N content <0.001 0.146 0.003 <0.001 <0.001 0.022 <0.001 
Harvest index 0.016 0.511 0.101 0.084 0.222 0.001 0.272 
Grain protein <0.001 <0.001 0.004 <0.001 0.216 <0.001 0.638 
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Table 6.3. Effects of year, N availability, and presence of the HXX trait on grain yield and yield components 
(kernel number, kernel weight, and reproductive success) at Champaign, IL in 2008 and 2009. Reproductive 
success is defined as the percentage of plants per plot which set a harvestable ear. 
   Yield traits 
Year N rate Male Grain yield 
Kernel 
number 
Kernel 
weight 
Reproductive 
Success 
 kg N ha-1  Mg ha-1 ear-1 mg kernel-1 % 
2008 0 non-HXX 3.68 f†  219 h 228 d 93 c  
 0 HXX 4.66 e  240 g 258 b 95 b 
 252 non-HXX 6.90 d 408 d 216 e 99 a 
 252 HXX 8.19 c  419 c 250 c 99 a 
       
2009 0 non-HXX 3.88 f 324 e 218 e 74 e  
 0 HXX 4.53 e 315 f 234 d  83 d 
 252 non-HXX 11.56 b 605 a 264 b 98 a 
 252 HXX 11.89 a 593 b 274 a 99 a 
† Treatment means within a column followed by the same letter are not significantly different ( = 0.05). 
  
147 
 
 
 
 
Figure 6.1. Comparison of the same female parent (IBM RIL MO106) crossed to the non-HXX tester (left) 
and its near-isogenic HXX version (right). Photos taken at Champaign, IL on 13 September 2009. HXX 
hybrids were generally greener at physiological maturity in both 2008 and 2009. 
  
 
 
 
 
Table 6.4. Effects of year, N availability, and presence of the HXX trait on plant biomass and N content at flowering (R1) and 
physiological maturity (R6) at Champaign, IL in 2008 and 2009. 
   Flowering (R1)  Physiological maturity (R6) 
Year N rate Male 
Total 
biomass 
Total N 
content  
Grain 
biomass 
Total 
biomass 
Total N 
content HI 
 kg N ha-1  ---------------------- g plant-1 ----------------------  ------------------------------------- g plant-1 -------------------------------------  
2008 0 non-HXX 79 e† 0.62 de  33 g 115 g 0.67 g 0.28 f 
 0 HXX 83 d 0.65 de  36 f 124 f 0.77 ef 0.29 f 
 252 non-HXX 101 b 1.73 c  81 c 171 c 1.76 d 0.47 c  
 252 HXX 102 b 1.74 c  87 b 181 b 1.89 c 0.48 b 
          
2009 0 non-HXX 83 de 0.55 e  50 e 142 e 0.74 fg 0.35 e 
 0 HXX 89 c 0.62 d  55 d 150 d 0.83 e 0.36 d 
 252 non-HXX 102 b 1.89 b  164 a 309 a 2.89 b 0.53 a 
 252 HXX 109 a 2.07 a  164 a 312 a 3.09 a 0.53 a 
† Treatment means within a column followed by the same letter are not significantly different ( = 0.05). 
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Table 6.5. Significance of F values for fixed sources of variation for N use traits. A linear mixed model 
approach was used in which replication nested within year was included as a random effect. Abbreviations: 
genetic utilization (GU), N use efficiency (NUE), N uptake efficiency (NUpE), and N utilization efficiency 
(NUtE).  
 Source of variation 
Trait Year (Y) Female (F) Y x F Male (M) Y x M F x M Y x F x M 
 ---------------------------------------------------------------------------------------------------- P > F ---------------------------------------------------------------------------------------------------- 
GU <0.001 <0.001 0.110 <0.001 0.186 0.620 0.641 
NUE <0.001 <0.001 0.030 0.684 <0.001 0.126 0.234 
NUpE <0.001 <0.001 0.024 <0.001 0.022 0.001 0.164 
NUtE 0.005 <0.001 0.163 <0.001 <0.001 0.046 0.189 
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Table 6.6. Effects of year and presence of the HXX trait on N use traits calculated from measurements 
collected at Champaign, IL in 2008 and 2009. Genetic utilization is defined as the ratio of grain yield per unit 
of plant accumulated N (kg kgplantN-1) under unfertilized conditions (0 kg N ha-1). N use efficiency (NUE) and 
its components, N uptake efficiency (NUpE) and N utilization efficiency (NUtE), are calculated from the 
increase in grain yield and/or plant N content between the unfertilized check plot treatment (0 kg N ha-1) and 
the treatment receiving N fertilizer (252 kg N ha-1). Grain protein concentration was measured by near-
infrared transmittance spectroscopy (NIT). 
  0 kg N ha-1  252 kg N ha-1 
Year Male 
Genetic 
utilization 
Grain 
protein  NUE NUpE NUtE 
Grain 
protein 
  kg kgplantN-1 g kg-1  kg kgN-1 kgplantN kgN-1 kg kgplantN-1 g kg-1 
2008 non-HXX 49.6 b† 64.4 d  12.8 d 0.32 d 40.6 d 58.9 d 
 HXX 46.9 c 69.4 c  13.9 c 0.34 c 42.4 c 61.6 c 
         
2009 non-HXX 67.4 a 86.7 a  30.5 a 0.56 b 55.5 a 80.5 b  
 HXX 66.0 a 84.7 b  29.2 b 0.60 a 49.2 b 84.1 a 
† Treatment means within a column followed by the same letter are not significantly different ( = 0.05). 
 
  
 
 
 
 
Table 6.7. Phenotypic correlations (n = 98) among grain yield (GY), kernel number per ear (KN), individual kernel weight (KW), genetic 
utilization (GU), N use efficiency (NUE), N uptake efficiency (NUpE), and N utilization efficiency (NUtE) for non-HXX (above diagonal) 
and HXX (below diagonal) hybrids grown under two levels of N availability at Champaign, IL in 2008 and 2009. Genetic utilization was 
evaluated at low N (0 kg N ha-1) and NUE traits (NUE, NUpE, NUtE) were evaluated at 252 kg N ha-1. Correlations are calculated using 
combined year means. 
Trait GY 0N GY 252N KN 0N KN 252N KW 0N KW 252N GU NUE NUpE NUtE 
GY 0N 1 0.38*** 0.70*** 0.22* 0.001 0.18 0.63*** -0.52*** 0.06 -0.59*** 
GY 252N 0.27** 1 0.30** 0.58*** 0.14 0.48*** 0.19 0.58*** 0.65*** -0.01 
KN 0N 0.61*** 0.11 1 0.50*** -0.40*** -0.18 0.49*** -0.35*** -0.02 -0.34*** 
KN 252N 0.18 0.59*** 0.44*** 1 -0.38*** -0.38*** 0.22* 0.32** 0.34*** 0.03 
KW 0N -0.02 0.18 -0.56*** -0.39*** 1 0.60*** -0.33*** 0.16 0.07 0.10 
KW 252N 0.11 0.40*** -0.37*** -0.46*** 0.66*** 1 -0.10 0.30** 0.41*** -0.09 
GU 0.52*** -0.08 0.59*** 0.18 -0.52*** -0.27** 1 -0.37*** 0.10 -0.50*** 
NUE -0.56*** 0.65*** -0.39*** 0.37*** 0.18 0.26** -0.47*** 1 0.54*** 0.52*** 
NUpE -0.16 0.52*** -0.21* 0.23* 0.11 0.30** -0.14 0.56*** 1 -0.40*** 
NUtE -0.45*** 0.25** -0.26** 0.15 0.12 0.06 -0.39*** 0.58*** -0.25* 1 
* Significant at P ≤ 0.05  
** Significant at P ≤ 0.01  
*** Significant at P ≤ 0.001 
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Figure 6.2. Relationship between response to fertilizer N at 252 kg N ha-1 (vertical axis) and 
grain yield at low N (0 kg N ha-1; horizontal axis) in 2008 (top panel) and 2009 (bottom 
panel). Each point represents an individual hybrid (n = 98). Dashed lines are the average 
grain yields at low N (3.68 and 3.88 Mg ha-1 in 2008 and 2009, respectively) and N responses 
(3.22 and 7.68 Mg ha-1 in 2008 and 2009, respectively). Non-HXX hybrids are shown here; 
however, a similar relationship between N response and grain yield at low N also exists for 
HXX hybrids. 
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Table 6.8. Group means showing N effects for the four hybrid groups classified according to their yields under low soil N (check plot yield) and their 
responses to applied fertilizer N in 2008 and 2009. N use classifications based on performance of base germplasm (non-HXX). Mean grain yields at 
low N (0 kg N ha-1) were 3.68 and 3.88 Mg ha-1 in 2008 and 2009, respectively. Mean N responses at 252 kg N ha-1 were 3.22 and 7.68 Mg ha-1 in 2008 
and 2009, respectively. Abbreviations: grain yield (GY), kernel number per ear (KN), individual kernel weight (KW), genetic utilization (GU), N use 
efficiency (NUE), N uptake efficiency (NUpE), and N utilization efficiency (NUtE). 
2008 
Classification Frequency N rate GY KN KW R6 N content GU NUE NUpE NUtE 
% kg N ha-1 Mg ha-1 ear-1 mg kernel-1 g plant-1 kg kgplantN-1 kg kgN-1 kgplantN kgN-1 kg kgplantN-1 
Low check plot &  19.4 0 3.25 e† 203 e 222 cd 0.60 d 48.5 bc — — — 
Low N response 252 6.05 c 379 c 206 e 1.64 b — 11.0 b 0.30 b 37.8 b 
Low check plot &  32.7 0 3.16 e 195 e 227 bc 0.62 d 45.8 c — — — 
High N response 252 6.89 b  407 b 216 d 1.78 a — 14.9 a 0.34 a 45.9 a 
High check plot &  30.6 0 4.23 d 245 d 229 b 0.74 c 53.5 a — — — 
Low N response 252 6.91 b 411 b 216 d 1.79 a — 10.6 b 0.30 b 35.6 b 
High check plot &  17.3 0 4.18 d  237 d 235 a 0.70 c  51.0 ab — — — 
High N response  252 7.87 a 436 a 227 bc 1.81 a — 14.8 a 0.35 a 42.6 a 
           
 2009 
Classification Frequency N rate GY KN KW R6 N content GU NUE NUpE NUtE 
% kg N ha-1 Mg ha-1 ear-1 mg kernel-1 g plant-1 kg kgplantN-1 kg kgN-1 kgplantN kgN-1 kg kgplantN-1 
Low check plot &  17.3 0 3.53 f 297 e 222 c 0.70 de 63.9 b — — — 
Low N response  252 10.44 c 550 c 263 ab 2.73 c — 27.4 b 0.52 c 54.0 b 
           
Low check plot &  34.7 0 3.11 g 308 e 220 cd 0.70 e 62.1 b — — — 
High N response  252 11.64 b 609 b 264 ab 2.90 b — 33.9 a 0.57 b 61.3 a 
           
High check plot &  28.6 0 4.71 d 351 d 214 e 0.79 d 73.5 a — — — 
Low N response  252 11.40 b 608 b 260 b 2.83 b — 26.5 b 0.54 c 51.0 b 
           
High check plot &  19.4 0 4.34 e 336 d 215 de 0.77 de 70.8 a — — — 
High N response  252 12.69 a 646 a 269 a 3.10 a — 33.2 a 0.63 a 53.2 b 
† Treatment means within a column for a given year followed by the same letter are not significantly different ( = 0.05). 
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Table 6.9. Variance component estimates (σG2, σGxE2, and σ2) for grain yield and N use traits measured at Champaign, IL in 2008 and 2009. 
Data for each trait were scaled to the mean within each year to remove the scaling effect of larger means on variances (Presterl, 2003). Total 
phenotypic variance for each trait was calculated on an entry-mean basis. Broad-sense heritability (H2) was calculated as the ratio of genetic 
variance (σG2) to total phenotypic variance. Abbreviations: grain yield (GY), kernel number per ear (KN), individual kernel weight (KW), 
genetic utilization (GU), N use efficiency (NUE), N uptake efficiency (NUpE), and N utilization efficiency (NUtE). 
  0 kg N ha-1  252 kg N ha-1 
Trait Male G2 GxY2 2 H2  G2 GxY2 2 H2 
GY non-HXX 92.5** 55.3** 97.2*** 0.38 4.1*** 17.3*** 25.8*** 0.09 
 HXX 15.9*** 38.5*** 92.8*** 0.11  5.2 14.0** 19.8*** 0.13 
           
R6 grain biomass non-HXX 104.2* 47.9 125.8*** 0.37  4.9 10.8 28.4*** 0.11 
 HXX 102.9*** 20.3*** 140.6*** 0.39  21.4** 0.1 25.3*** 0.46 
           
KN non-HXX 53.7** 22.0*** 60.0*** 0.40  13.4* 9.7*** 14.6*** 0.35 
 HXX 30.5 21.1* 61.0*** 0.27  8.2 11.2** 15.7*** 0.23 
           
KW non-HXX 25.6*** 4.3*** 8.6*** 0.66  21.7*** 5.7*** 8.4*** 0.61 
 HXX 29.6*** 1.4 7.2*** 0.77 20.1*** 2.9*** 8.3*** 0.64 
          
GU non-HXX 83.2*** 3.2*** 44.5*** 0.64 — — — — 
 HXX 49.0*** 1.2*** 44.4*** 0.52 — — — — 
          
NUE non-HXX — — — — 60.3*** 0 112.8*** 0.35 
 HXX — — — — 61.5*** 22.8*** 138.6*** 0.28 
          
NUpE non-HXX — — — — 48.8* 1.4 75.5*** 0.39 
 HXX — — — — 34.4*** 14.7*** 82.2*** 0.26 
          
NUtE non-HXX — — — — 48.2*** 21.5*** 87.9*** 0.31 
 HXX — — — — 70.1*** 2.7*** 88.0*** 0.44 
          
Grain protein non-HXX 13.5*** 0.0 42.5*** 0.66 17.5** 11.9* 64.9*** 0.51 
 HXX 16.2*** 8.2* 42.7*** 0.59 22.5*** 7.0 50.7*** 0.65 
* Significant at P ≤ 0.05  
** Significant at P ≤ 0.01  
*** Significant at P ≤ 0.001  154 
 
 
 
 
Table 6.10. QTL identified for yield traits and their responses to N. Abbreviations: grain yield (GY), kernel number per ear (KN), individual kernel 
weight (KW). A negative additive effect indicates that the allele contributed by Mo17 is favorable for the trait. 
Trait Year N rate Male Bin Position
Two LOD support 
interval 
Peak LOD 
value 
Additive 
effect R
2
 kg N ha-1 cM cM 
GY, Mg ha-1 2008 0 non-HXX 3.05 330.7 323.0 – 337.0 5.33 0.34 0.20 
2008 0 non-HXX 7.03 359.2 348.6 – 363.6 4.95 -0.32 0.17 
2008 0 non-HXX 10.01 47.9 36.1 – 57.7 3.34 0.26 0.11 
2009 0 non-HXX 2.08 489.4 483.1 – 491.2 3.82 0.27 0.10 
2009 0 non-HXX 3.06 382.8 369.8 – 389.1 3.59 0.28 0.10 
2009 0 non-HXX 5.02 136.4 130.3 – 145.8 5.81 0.36 0.17 
2008 252 non-HXX 3.03 124.1 113.2 – 133.8 3.47 -0.26 0.11 
2008 0 HXX 1.08 648.2 640.2 – 655.3 4.54 -0.31 0.15 
2009 0 HXX 8.02 133.5 117.0 – 139.3 3.98 0.26 0.11 
2009 0 HXX 10.06 354.2 353.1 – 366.2 6.01 -0.33 0.18 
2008 252 HXX 1.07 637.3 630.7 – 642.6 3.70 -0.28 0.11 
2008 252 HXX 4.07 372.9 365.6 – 377.3 4.03 -0.35 0.18 
2009 252 HXX 6.07 470.1 462.2 – 473.8 3.69 -0.47 0.07 
2009 252 HXX 7.03 359.6 351.7 – 365.7 4.12 0.34 0.13 
 
GY response to N, 2008 Δ non-HXX 1.04 353.0 349.0 – 358.6 4.81 -0.40 0.16 
Mg ha-1 2008 Δ HXX 7.02 163.7 162.4 – 164.6 3.89 0.34 0.14 
2009 Δ HXX 10.01 353.2 342.1 – 354.9 4.69 0.41 0.15 
 
KW, mg kernel-1 2008 0 non-HXX 1.08 692.1 685.0 – 696.6 4.61 6.24 0.12 
2008 0 non-HXX 3.06 389.6 384.7 – 395.5 4.91 -7.07 0.15 
2009 0 non-HXX 2.02 71.0 63.6 – 78.3 4.48 -5.37 0.11 
2009 0 non-HXX 7.05 498.4 493.9 – 504.5 5.88 -6.25 0.16 
2008 252 non-HXX 1.04 365.6 362.0 – 373.2 7.63 -9.92 0.23 
2008 252 non-HXX 1.05 403.8 401.6 – 410.2 4.38 7.42 0.12 
2008 252 non-HXX 1.06 495.7 489.1 – 499.7 4.68 -6.19 0.12 
2008 252 non-HXX 3.03 124.1 117.1 – 127.2 4.35 -5.97 0.11 
2009 252 non-HXX 9.01 64.2 63.0 – 64.5 3.80 6.26 0.13 
2009 252 non-HXX 10.02 84.0 78.5 – 89.5 4.65 6.07 0.13 
2008 0 HXX 3.06 389.6 384.3 – 397.6 4.81 -7.16 0.15 
2008 0 HXX 7.03 359.6 350.2 – 362.5 5.47 7.84 0.16 155 
 
 
 
 
Table 6.10. continued. 
Trait Year N rate Male Bin Position
Two LOD support 
interval 
Peak LOD 
value 
Additive 
effect R
2
 
 kg N ha-1 cM cM 
KW, mg kernel-1 2009 0 HXX 8.06 346.8 339.9 – 360.5 4.97 -8.35 0.25 
2008 252 HXX 3.06 378.9 368.1 – 382.8 4.37 -8.38 0.18 
2008 252 HXX 5.06 469.2 463.6 – 472.6 5.17 7.68 0.14 
2008 252 HXX 10.05 295.1 287.4 – 301.9 4.66 6.99 0.13 
2009 252 HXX 4.09 529.9 524.4 – 532.3 7.49 -9.34 0.32 
 
KW response to N, 2008 Δ non-HXX 3.06 397.1 390.4 – 405.9 5.55 8.45 0.28 
mg kernel-1 2008 Δ non-HXX 7.04 443.3 435.4 – 448.9 4.32 6.50 0.16 
2008 Δ HXX 2.05 305.0 302.5 – 310.2 4.96 -6.71 0.15 
2009 Δ HXX 1.01 69.1 64.7 – 76.2 4.63 5.03 0.15 
2009 Δ HXX 8.01 25.6 16.2 – 29.8 7.38 -6.89 0.27 
2009 Δ HXX 8.01 32.8 31.8 – 33.5 4.75 -5.52 0.17 
 
KN, ear-1 2008 0 non-HXX 7.03 332.9 325.4 – 335.7 5.45 -16.67 0.17 
2009 0 non-HXX 2.08 449.1 447.8 – 454.2 4.29 15.76 0.13 
2009 0 non-HXX 5.03 242.1 238.8 – 245.7 4.48 -18.14 0.16 
2009 252 non-HXX 1.06 500.2 492.1 – 503.8 4.78 18.33 0.13 
2009 252 non-HXX 6.03 129.8 125.1 – 132.5 5.14 -20.28 0.15 
2009 252 non-HXX 7.02 208.5 201.2 – 211.6 5.61 -21.87 0.18 
2008 0 HXX 1.01 30.9 25.9 – 38.0 5.65 17.00 0.21 
2008 0 HXX 4.06 341.5 334.0 – 345.7 3.83 -13.64 0.13 
2009 0 HXX 1.02 132.3 126.8 – 139.8 4.27 16.88 0.14 
2009 0 HXX 1.10 851.2 841.1 – 862.6 3.75 16.85 0.17 
2009 0 HXX 7.02 211.0 206.6 – 215.7 5.33 -20.12 0.19 
2008 252 HXX 1.09 785.7 774.4 – 790.4 4.38 -13.17 0.13 
2009 252 HXX 1.01 16.5 10.4 – 21.5 4.22 -17.11 0.14 
2009 252 HXX 7.02 206.0 201.2 – 211.5 3.96 -17.13 0.13 
 
KN response to N, 2008 Δ non-HXX 3.04 238.7 234.3 – 245.4 4.04 12.67 0.13 
ear-1 2008 Δ non-HXX 7.04 370.8 366.2 – 375.7 4.29 14.11 0.14 
2009 Δ non-HXX 1.09 765.3 757.4 – 771.2 4.06 -19.35 0.15 
2009 Δ HXX 1.01 16.5 10.4 – 22.5 4.29 -17.58 0.13 
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Table 6.11. QTL identified for N use traits and grain protein concentration. Abbreviations: genetic utilization (GU), N use efficiency (NUE), N uptake 
efficiency (NUpE), and N utilization efficiency (NUtE). A negative additive effect indicates that the allele contributed by Mo17 is favorable for the trait. 
Trait Year N rate Male Bin Position
Two LOD support 
interval 
Peak LOD 
value 
Additive 
effect R
2
 kg N ha-1 cM cM 
GU, kg kgplantN-1 2008 0 non-HXX 4.03 154.9 146.4 – 160.9 3.85 2.21 0.14 
2008 0 non-HXX 5.04 276.4 268.5 – 280.4 4.60 -6.09 0.15 
2009 0 non-HXX 1.04 352.6 345.7 – 360.0 4.75 3.33 0.14 
2009 0 non-HXX 3.07 490.8 486.8 – 496.4 3.78 2.98 0.12 
2008 0 HXX 1.04 338.0 332.7 – 345.6 3.69 1.64 0.11 
2008 0 HXX 5.04 273.8 267.3 – 279.6 5.80 -2.06 0.18 
 
NUE, kg kgN-1 2008 252 non-HXX 1.01 23.7 16.8 – 25.9 3.98 -1.02 0.15 
2008 252 non-HXX 1.04 352.1 348.5 – 360.0 4.24 -1.65 0.17 
2009 252 non-HXX 1.04 365.6 357.3 – 374.7 3.96 -1.71 0.14 
2009 252 HXX 10.06 353.2 342.0 – 354.9 4.69 1.63 0.15 
 
NUpE, kgplantN kgN-1 2008 252 non-HXX 2.05 315.9 308.7 – 317.8 8.63 -0.02 0.23 
2008 252 non-HXX 2.06 322.5 318.5 – 324.0 6.87 -0.02 0.22 
2008 252 non-HXX 5.03 183.4 178.8 – 185.7 5.50 -0.04 0.13 
2008 252 non-HXX 9.01 28.8 24.3 – 40.9 3.81 -0.01 0.09 
 2008 252 HXX 6.07 443.3 433.5 – 448.8 3.67 0.02 0.11 
 2008 252 HXX 7.01 115.4 108.7 – 118.2 4.53 0.02 0.14 
 2008 252 HXX 7.04 368.4 359.5 – 376.1 3.65 0.02 0.11 
 2009 252 HXX 7.03 359.6 348.9 – 363.7 5.33 0.04 0.17 
 2009 252 HXX 9.06 450.2 438.8 – 458.7 3.69 0.03 0.11 
          
NUtE, kg kgplantN-1 2008 252 non-HXX 2.06 324.5 319.1 – 326.6 3.89 2.70 0.12 
 2008 252 non-HXX 8.06 396.9 389.5 – 402.4 3.96 2.66 0.12 
 2009 252 non-HXX 6.05 255.7 251.9 – 259.3 3.81 3.31 0.13 
 2008 252 HXX 6.06 353.9 351.7 – 357.1 4.26 2.94 0.13 
 2009 252 HXX 6.03 140.6 132.6 – 150.9 4.10 -3.43 0.23 
          
Grain protein, g kg-1 2008 0 non-HXX 5.06 441.2 441.1 – 455.3 4.14 2.47 0.13 
 2008 0 non-HXX 8.08 469.6 461.6 – 472.2 3.81 -1.57 0.14 
 2009 0 non-HXX 2.02 71.0 65.8 – 76.2 6.04 -2.16 0.18 
 2009 0 non-HXX 10.03 154.1 148.8 – 158.7 4.84 1.92 0.14 157 
 
 
 
 
Table 6.11. continued. 
Trait Year N rate Male Bin Position
Two LOD support 
interval 
Peak LOD 
value 
Additive 
effect R
2
 
 kg N ha-1 cM cM 
Grain protein, g kg-1 2009 0 non-HXX 10.03 162.2 158.7 – 163.9 4.04 1.91 0.14 
 2008 0 HXX 2.02 71.0 64.6 – 80.6 3.72 -1.59 0.11 
 2009 0 HXX 2.02 71.0 65.4 – 79.3 4.78 -1.96 0.14 
 2009 0 HXX 10.01 0.0 0.0 – 7.9 5.86 2.31 0.19 
 2009 0 HXX 10.01 66.3 50.3 – 77.3 3.81 -1.83 0.12 
 2008 252 non-HXX 2.06 324.5 319.8 – 326.6 4.10 -1.50 0.13 
 2008 252 non-HXX 3.04 180.7 176.7 – 184.6 5.02 1.61 0.15 
 2009 252 HXX 9.01 49.2 33.6 – 59.4 3.82 -2.26 0.13 
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CHAPTER 7 
QUANTITATIVE VARIATION FOR RESPONSE TO TRANSGENIC 
CORN ROOTWORM PROTECTION IN THE INTERMATED B73 X MO17 
RECOMBINANT INBRED LINE POPULATION 
 
ABSTRACT 
Feeding from insects such as Western corn rootworm (Diabrotica virgifera virgifera) reduce uptake 
of water and nutrients such as N, thereby limiting grain yield. In 2008 through 2010, we evaluated the 
HERCULEX® XTRA (HXX) trait in hybrids formed from the intermated B73 x Mo17 recombinant 
inbred line (IBM RIL) population using proprietary near-isogenic testers (with and without HXX). 
Hybrids possessing HXX were compared to their near-isogenic counterparts at low and high N, and 
evaluated for grain yield, yield components, and N uptake. The objectives of this study were to i) 
document genetic variation for grain yield, individual kernel weight, and N uptake responses to the HXX 
trait, ii) estimate heritability for increased individual kernel weight as a result of HXX corn rootworm 
protection in a subset of the IBM RIL population, and iii) understand how yield component and N uptake 
responses of the parental lines of the IBM RIL population might influence the measured variation. 
The mean increase in grain yield was 0.82 Mg ha-1 when averaged across N rates and female lines in 
2008 and 2009. Responses of individual female lines ranged from -0.1 to +2.1 Mg ha-1. Increased 
individual kernel weight was the yield component most responsible for HXX associated yield 
improvements (r = 0.58; n = 98; P ≤ 0.001). Kernel weight of every female line responded positively, and 
the 2-yr mean increase was approximately 23 mg kernel-1 (ranged from +2 to +47 mg kernel-1). Individual 
kernel weights were attributed to enhanced stay-green and improved plant N uptake. At physiological 
maturity, HXX hybrids had SPAD values that were approximately 11.5% and 12.6% greater than their 
non-HXX counterparts at 0 and 252 kg N ha-1, respectively, suggesting that insect-protected root systems 
delay leaf senescence and prolong capacity for C and N assimilation. Accordingly, the HXX trait 
enhanced plant N uptake, and the 2-yr average trait response was +0.14 g plant-1. 
Variance components and heritabilities for individual kernel weight and its response to the HXX trait 
were estimated using 2008 – 2010 data for a subset of 28 IBM RIL hybrid comparisons. Genotypic 
variance was increased, and genotype x environment variance decreased, at both levels of N. As such, 
estimates of broad-sense heritability (H2) were increased from 0.69 to 0.78 at low N, and from 0.52 to 
0.75 at high N. Heritability for the response of kernel weight to the HXX trait was 0.43 at both levels of 
N. Collectively, these results suggest that hybrids can be specifically selected for optimal kernel weight 
and yield responses to the HXX trait.   
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INTRODUCTION 
Transgenic maize hybrids expressing at least one source of Bacillus thuringiensis (Bt) derived 
resistance to either coleopteran or lepidopteran feeding have been widely adopted across the U.S. corn 
belt (Pilcher et al., 2002; USDA-ERS, 2011). In particular, hybrids possessing traits conferring resistance 
to corn rootworm (Diabrotica spp.) larval feeding were developed and are gaining popularity due to the 
emergence of rotation resistant phenotypes of corn rootworm (Vaughn et al. 2005). Inadequate control of 
corn rootworm by transgenic traits has been documented in a few cases. Lack of efficacy has been linked 
to the development of insect resistance to Bt proteins (Christou et al., 2006; Gassman et al., 2011); 
however, poor trait expression due to interactions with cultural practices or environment (Bruns and Abel, 
2003), or intense insect pressure that overwhelms root systems already compromised by other abiotic 
stresses are other possible factors. The possible role of trait x germplasm interaction has largely been 
ignored, but it is possible that the effectiveness of insect control or magnitude of yield increase in 
response to transgenic insect protection varies among hybrids (Dillehay et al., 2004; Gray et al., 2007). 
Transgenic events for insect control are engineered to be dominant, simply inherited traits (Moose 
and Mumm, 2008). As such, these events can be rapidly introgressed into elite maize germplasm by 
marker-assisted backcrossing (Mumm, 2007). Although a transgenic event may provide a similar level of 
insect control activity across diverse genetic backgrounds, the impact of removing insect feeding as a 
limitation to crop growth and development could also be impacted by other endogenous physiological 
processes (Dunn and Frommelt, 1998a; Dunn and Frommelt, 1998b; Riedell and Reese, 1999, Urías-
López et al., 2000). For example, we have previously shown that nitrogen (N) use and productivity of 
maize hybrids expressing the Cry3Bb1 protein from B. thuringiensis varied in magnitude of yield increase 
and the optimum N rate at which this yield benefit was achieved (Chapter 6). In a parallel study 
examining the role of the HERCULEX® XTRA (HXX) corn rootworm trait on yield and N use in the 
intermated B73 x Mo17 recombinant inbred line (IBM RIL) population, we documented improvements in 
grain yield, individual kernel weight, and N uptake at two levels of N supply (Chapter 7). The use of near-
isogenic testers (i.e., with and without the HXX trait) also permits us to assess variation for responses to 
the HXX trait in hybrids formed from the IBM RIL population. As such, the objectives of this study were 
to i) document genetic variation for grain yield, individual kernel weight, and N uptake responses, ii) 
estimate heritability for increased individual kernel weight as a result of HXX corn rootworm protection 
in a subset of the IBM RIL population, and iii) understand how yield component and N uptake responses 
of the parental lines of the IBM RIL population might influence the measured variation.   
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MATERIALS AND METHODS 
Treatments and germplasm 
The cultural practices, experimental design, treatments, and phenotyping methods have been 
previously described in detail (Chapter 7). Briefly, 98 female inbred lines from the intermated B73 x 
Mo17 recombinant inbred line (IBM RIL) population were crossed to a tester line (designated as non-
HXX) and its near-isogenic counterpart containing the HERCULEX® XTRA trait (designated as HXX), 
to create a total of 196 hybrids. A commercial tester from the Iodent heterotic sub-group was chosen for 
its similar combining ability with both B73 and Mo17. The HXX trait was engineered to confer resistance 
to lepidopteran pests (Event TC1507; Cry1F protein from Bacillus thuringiensis) and corn rootworm 
(Diabrotica spp.) (Event DAS-59122-7; Cry34Ab1/Cry35Ab1 proteins from B. thuringiensis). The IBM 
RILs specific to this study were chosen based on previous data collected in 2006 and 2007 (Nichols, 
2008), and were selected to minimize differences in flowering time that might confound measurements of 
biomass and N uptake. The IBM RIL population was developed by crossing B73 and Mo17 followed by 
four cycles of random mating to increase the potential for further recombination prior to inbreeding (Lee 
et al., 2002).  
The 196 hybrids were grown in an N responsive nursery at Champaign, IL in 2008 and 2009 under 
two levels of N supply (0 and 252 kg N ha-1). The experimental design consisted of a strip-plot with split-
plot arrangement in a randomized complete block design with three replications. Female parents (IBM 
RILs) and N rates were in a strip-plot arrangement, while male testers (i.e., non-HXX vs. HXX isolines) 
were randomly assigned to plots within the intersection of female parent and N rate (Milliken and 
Johnson, 2009). The field trials were mechanically planted on 07 May 2008 and 21 May 2009 to achieve 
a final plant density of approximately 79,072 plants ha-1. All plots received an in-furrow application of 
chlorpyrifos (2008 trial) or tefluthrin (2009 trial) at recommended application rates for control of seedling 
insect pests. These insecticide products are labeled for control of corn rootworm larval feeding. 
Therefore, a base level of insect control was provided by the soil-applied insecticide, and measured HXX 
trait responses were in addition to the effect of the soil-applied insecticide. 
Based on phenotypic data collected in 2008 and 2009, the fourteen female lines with the smallest 
average individual kernel weight responses to the HXX trait (mean response = 10 mg kernel-1), and the 
fourteen female lines with largest average responses (mean response = 36 mg kernel-1) were selected for 
further evaluation as hybrids in 2010. The hybrids formed from the parental lines of the IBM RIL 
population (B73 and Mo17) were also included in the 2009 and 2010 studies. The 2010 field trial was 
planted on 24 May 2010 and all plots received an application of tefluthrin as previously described.  
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Statistical analysis 
The phenotypic data were analyzed using the MIXED procedure of SAS (SAS Institute, 2009) for the 
purpose of comparing main effects and their interactions, and for obtaining least-square means. Year, 
nitrogen rate, female parent, and male parent were treated as fixed effects while replication was 
considered random.  
Variance components were estimated for individual kernel weight and its response to the HXX trait 
using the MIXED procedure of SAS. Year, female parent, the female parent x year interaction, and 
replication were considered as random effects for this analysis. Variance components were estimated 
separately for each tester and at each level of N. Total phenotypic variance (σPଶሻ was calculated on an 
entry-mean basis according to: 
σPଶ ൌ σGଶ ൅ ஢G౮E
మ
୲ ൅
஢಍మ
୰୲   [1] 
where σGଶ  is the genetic variance, σG୶Eଶ  is the genotype by environment interaction variance, t is the 
number of environments (i.e., years), σகଶ is the error variance, and r is the number of replications per 
environment. Broad-sense heritability (H2) was calculated as the ratio of genetic variance ሺσGଶሻ to total 
phenotypic variance (σPଶሻ. 
RESULTS AND DISCUSSION 
Comparison of intermated B73 x Mo17 recombinant inbred lines (IBM RILs) crossed to both HXX 
and non-HXX testers in 2008 and 2009 revealed that not all female lines responded similarly to transgenic 
corn rootworm protection for grain yield. Averaged across years, N rates, and female lines, the mean 
grain yield response was approximately 0.8 Mg ha-1; however, responses of individual lines varied from -
0.1 to +2.1 mg ha-1 (Figure 7.1A). Genetic variation in yield increase from transgenic insect protection 
has been previously documented (Dillehay et al., 2004), suggesting that natural insect tolerance 
mechanisms may condition a hybrid’s response to an insect protection trait. In particular, increased root 
system size and the ability to initiate root re-growth under stress conditions are characteristics that 
possibly minimize yield losses due to corn rootworm feeding injury (Riedell and Evenson, 1993; Gray 
and Steffey, 1998). 
The main improvement in grain yield associated with the HXX trait was increased individual kernel 
weight. Averaged across all 98 IBM RIL female parents, the increase in kernel weight was 30 mg kernel-1 
at low N and 34 mg kernel-1 at high N in 2008 (see Table 6.3). Smaller, but significant kernel weight 
increases of 16 mg kernel-1 and 10 mg kernel-1 were measured in 2009 for low and high N, respectively. 
When combined across years, N rates, and female lines, the mean increase in individual kernel weight 
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was approximately 23 mg kernel-1, and increases associated with individual lines ranged from +2 to +47 
mg kernel-1 (Figure 7.1B). Increases in individual kernel weight were positively and significantly 
associated (r = 0.58; P ≤ 0.001) with grain yield increases (Figure 7.2). Although physiological 
mechanisms associated with the measured increases in individual kernel weight were not examined in 
detail in this study, increased sink potential and/or prolonged source capacity are both possible causes. 
Kernel sink capacity (i.e., potential for maximum mass) in maize is associated with the number of 
endosperm cells and starch granules established within the two weeks immediately following pollination 
(Reddy and Daynard, 1983; Jones et al., 1996). The possible influence of root growth and activity on 
endosperm cell number has been established in rice (Oryza sativa L.), where cytokinin concentration in 
root tips was positively correlated with endosperm cell division rate (Yang et al., 2002). Thus, reduced 
insect feeding on root tips and improved root growth as a result of transgenic corn rootworm protection 
(e.g., HXX) could promote increased endosperm cell division and kernel sink capacity. The ability to 
achieve potential kernel weight is influenced by the rate and duration of kernel growth (Borrás et al., 
2009; Borrás and Gambín, 2010). Furthermore, chlorophyll concentration of maize source leaves has been 
linked to grain-filling duration and individual kernel weight (Wang et al., 1999). A trend toward increased 
stay-green (i.e., delayed leaf senescence) in the HXX hybrids was observed in both years (See Figure 
6.1). Stay-green was documented using SPAD (single-photon avalanche diode) measurements in the 2009 
field study (Figure 7.3). Comparison of non-HXX and HXX hybrid versions for the IBM RIL parental 
lines (B73 and Mo17) showed no significant effect of the trait on leaf (first leaf above the ear) chlorophyll 
concentration during early grain filling (R2-R3). By mid-grain fill (R4-R5), however, HXX versions of 
the measured hybrids maintained leaf chlorophyll concentration, while leaf senescence had progressed at 
a faster rate in non-HXX hybrids. At physiological maturity (R6), HXX hybrids had SPAD values that 
were approximately 11.5% and 12.6% greater than their non-HXX counterparts at 0 and 252 kg N ha-1, 
respectively (Figure 7.3). The basis of this stay-green in HXX hybrids is not known; however, delayed 
leaf senescence in many grain crops including maize has been linked to greater post-flowering N uptake 
and reduced remobilization of leaf N (Ma and Dwyer, 1998; Borrell and Hammer, 2000; Donnison et al, 
2007). In the present study, increased N uptake was an additional benefit of the HXX trait (see Chapter 
7). Averaged across N levels and female lines in 2008 and 2009, the mean increase in plant N uptake was 
0.14 g plant-1 (Figure 7.1C). Comparison of plant N contents at flowering (R1) and physiological maturity 
(R6) indicated that HXX hybrids accumulated more N post-flowering relative to their non-HXX 
counterparts (see Table 6.4), which is consistent with our hypothesis that transgenic rootworm protected 
hybrids maintain root growth and activity during grain-filling. Leaves which maintain their activity 
provide assimilates to the root system and maintain capacity for further N uptake and assimilation. 
Therefore, it is likely that an active root system and delayed leaf senescence function as an interdependent 
164 
 
 
 
system. The effect of stay-green on grain yield is unclear because Martin et al. (2005) showed that early 
and late senescing genotypes had similar grain yields even though their strategies for uptake and 
remobilization of N were remarkably different. A limitation in sink size was proposed as one explanation 
for the lack of a yield response to stay-green, illustrating the possible unique positive physiological effects 
of the HXX trait on sink capacity (potential kernel weight) and grain filling duration (delayed leaf 
senescence).   
Based on the 2008 and 2009 data, the recombinant inbred lines that exhibited the most consistent 
kernel weight responses (small versus large) to the HXX trait in 2008 and 2009 were selected for further 
evaluation under low and high N in 2010. As such, the 28 selected lines represented the tails of the 
distribution for kernel weight response (Figure 7.1B). Averaged across levels of N, the HXX trait resulted 
in kernel weight increases of 33, 15, and 12 mg kernel-1 for 2008, 2009, and 2010, respectively, for the 
selected lines (data not shown). At low N, the 3-yr average for kernel weight increase was 22 mg kernel-1 
(P ≤ 0.01), while the 3-yr average for kernel weight increase at high N was 18 mg kernel-1 (P ≤ 0.01) 
(Table 7.1). Averaged across years, there was no effect of the HXX trait on kernel number at either level 
of N (Table 7.1). The average response to the HXX trait was 0.65 Mg ha-1 at low N, and 0.45 Mg ha-1 at 
high N (Table 7.1). Increases in kernel weight and grain yield were accompanied by improvements in N 
uptake at both levels of N. The percentage increases in N uptake were 14% (P ≤ 0.01) at low N and 
approximately 7% at high N (P ≤ 0.01) (Table 7.1). 
Variance component estimates for individual kernel weight and its response to the HXX trait are 
shown in Table 7.2. At both levels of N, the HXX trait increased genotypic variance (G2), and decreased 
genotype x environment variance (GxE2), leading to increased estimates of broad-sense heritability (H2) 
for kernel weight. The estimated heritabilities for kernel weight are higher than those generally reported 
for maize grain yield, and suggest that individual kernel weight is under strong genetic control. Genetic 
selection for kernel weight is a largely unexplored strategy for improving overall grain yield, and the 
results of this study suggest that transgenic corn rootworm protection (i.e., HXX) could be an invaluable 
tool for improving the efficiency of selection. Although lower than the heritabilities for individual kernel 
weight, the estimated heritabilities for kernel weight response (difference in kernel weights between HXX 
and non-HXX hybrids) were also relatively high (0.43), indicating a genetic basis for the kernel weight 
response (Table 7.2). Collectively, the measured variation for grain yield and individual kernel weight 
responses to HXX, and the apparent genetic basis for this kernel weight response suggest that optimizing 
grain yield responsiveness to an insect protection trait is possible. Identification of significant marker-trait 
associations (i.e., QTL mapping) for loci affecting transgene performance is one such approach (Kennard 
et al., 2012). Alternatively, forward breeding could be employed to select for maximum transgene 
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effectiveness; however, rapid turnover in commercial hybrids and transgenic events has led to the current 
practice of converting finished inbred lines (i.e., backcross breeding) (Mumm, 2007). 
The parental lines of the IBM RIL population were evaluated as hybrids in 2009 and 2010 (Table 
7.3). Kernel weight of both parental lines responded to the HXX trait, although the average increase for 
Mo17 was approximately 8 mg kernel-1 greater than that for B73. Despite the larger increase in kernel 
weight for Mo17, overall yields for Mo17 trended lower with the HXX trait at both levels of N (not 
significant). In contrast, grain yield of B73 trended upward at low N by 0.4 Mg ha-1, and was increased 
significantly at high N by 1.2 Mg ha-1 (P ≤ 0.05). Also, above ground shoot N uptake of Mo17 at high N 
trended lower with addition of the HXX trait. Zhu et al. (2005) showed that the Mo17 root system has 
greater biomass accumulation compared to that of B73. As such, further protection of an already 
extensive root system by the HXX trait may result in detrimental partitioning of C and N assimilates away 
from the reproductive sink. 
CONCLUSIONS 
Due to the combination of larger individual kernels and enhanced stay-green in HXX hybrids, we 
conclude that transgenic corn rootworm protection enhances N uptake and assimilation during the critical 
period for establishing sink capacity or by maintaining leaf area duration. Based on hybrid comparisons 
for the parental lines of the IBM RIL population (B73 and Mo17), however, recombinant inbred line 
differences in HXX response might also be a result of genetic differences in root architecture and 
physiological response to root protection. In either case, it is clear that genetic background has a strong 
influence over the benefit associated with a corn rootworm protection transgene. 
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FIGURES AND TABLES 
 
Figure 7.1. Distributions for grain yield response (Panel A), individual kernel weight response (Panel B), and 
N uptake response (Panel C) to the HERCULEX XTRA (HXX) trait. HXX trait responses were evaluated in 
98 hybrid comparisons formed from the IBM RIL population. Responses are averaged across two years (2008 
and 2009) and two levels of N supply (0 and 252 kg N ha-1). 
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Figure 7.2. Grain yield response to the HERCULEX XTRA (HXX) trait 
versus kernel weight response to the HXX trait. Each point represents a 
single hybrid comparison (n = 98) derived from the IBM RIL population. 
Responses are averaged across two years (2008 and 2009) and two levels of 
N supply (0 and 252 kg N ha-1).  
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Figure 7.3. Time course of leaf senescence for the first leaf above the ear. B73 and 
Mo17 were evaluated as hybrids with a common tester in its non-introgressed and 
Herculex XTRA (HXX) isolines under two levels of N supply at Champaign, IL in 
2009. Time points correspond to (1) 09 August 2009, (2) 25 August 2009, and (3) 
13 September 2009. Means are shown ± standard error (n = 3). 
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Table 7.1. Phenotypic means for kernel weight, kernel number, grain yield, and N uptake averaged across the 
three years of the study for the subset of 28 IBM RIL hybrid comparisons (non-HXX versus HXX versions). 
 0 kg N ha-1 
Male parent Kernel weight Kernel number Grain yield N uptake 
 mg kernel-1 plant-1 Mg ha-1 g plant-1 
non-HXX 224 307 3.76 0.86 
HXX 246 306 4.41 0.98 
Trait response + 22*** n.s. + 0.65*** + 0.12*** 
     
 252 kg N ha-1 
Male parent Kernel weight Kernel number Grain yield N uptake 
 mg kernel-1 plant-1 Mg ha-1 g plant-1 
non-HXX 239 488 7.96 2.26 
HXX 257 488 8.41 2.42 
Trait response + 18*** n.s. + 0.45*** + 0.16*** 
* Significant at P ≤ 0.10 
** Significant at P ≤ 0.05 
*** Significant at P ≤ 0.01 
n.s. (not significant) 
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Table 7.2. Variance component estimates (G2, GxE2, and 2) for individual kernel weight (KW) and kernel 
weight response to the HXX trait measured on a subset of 28 hybrid comparisons derived from the IBM RIL 
population. Hybrids were evaluated under two levels of N supply at Champaign, IL in 2008, 2009, and 2010. 
Broad-sense heritability values (G2/P2) were calculated using total phenotypic variance calculated on an 
entry-mean basis. 
  0 kg N ha-1  252 kg N ha-1 
Trait Male G2 GxE2 2 H2  G2 GxE2 2 H2 
KW non-HXX 97.7 20.7 22.8 0.69  120.6 90.6 21.5 0.52 
 HXX 139.0 19.0 21.1 0.78  164.5 25.5 28.5 0.75 
KW response Δ 39.3 17.4 34.5 0.43  47.6 29.6 32.7 0.43 
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Table 7.3. Kernel weight, grain yield, and N uptake responses to the HXX trait for the parental lines of the 
IBM RIL population (B73 and Mo17). Data averaged across 2009 and 2010 (parental lines not included in 
2008 trial). 
 B73 as female 
 0 kg N ha-1  252 kg N ha-1 
Male parent 
Kernel 
weight Grain yield N uptake  
Kernel 
weight 
Grain 
yield N uptake 
 mg kernel-1 Mg ha-1 g plant-1  mg kernel-1 Mg ha-1 g plant-1 
non-HXX 222 4.3 0.97  248 9.9 2.62 
HXX 232 4.7 1.06  261 11.1 2.82 
Trait response + 10* n.s. n.s.  + 13** + 1.2** n.s. 
        
 Mo17 as female 
 0 kg N ha-1  252 kg N ha-1 
Male parent 
Kernel 
weight Grain yield N uptake  
Kernel 
weight 
Grain 
yield N uptake 
 mg kernel-1 Mg ha-1 g plant-1  mg kernel-1 Mg ha-1 g plant-1 
non-HXX 231 4.0 1.06  274 9.6 2.74 
HXX 254 3.6 1.28  289 9.0 2.59 
Trait response + 23*** n.s. n.s.  + 15** n.s. n.s. 
* Significant at P ≤ 0.10 
** Significant at P ≤ 0.05 
*** Significant at P ≤ 0.01 
n.s. (not significant) 
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CHAPTER 8 
CONCLUSIONS: GENETIC AND AGRONOMIC APPROACHES FOR 
IMPROVING NITROGEN USE AND MAIZE PRODUCTIVITY 
 
THE CHALLENGE TO IMPROVING NITROGEN USE AND MAIZE PRODUCTIVITY 
The world population is projected to exceed 9 billion people by the year 2050. A burgeoning 
population along with an expanding middle-class will intensify pressure on global agricultural and food 
production systems. Increased yield of major crops like maize will be required to meet the demand for 
food, feed, and biofuels. Producing more with less has become a common theme of current efforts to 
increase productivity per unit area along with more efficient use of inputs like water and nitrogen. It is 
clear, however, that even with improved N use efficiency (yield increase per unit of N applied), a future 
grain yield of at least 16 Mg ha-1 (300 bushels acre-1) will require greater N accumulation by the crop. 
Thus, it is of critical importance for agricultural scientists and decision-makers to understand how maize 
hybrids currently respond to fertilizer N, and how this response curve might be improved for the future. 
As a result, this dissertation focused on how past and present maize hybrids respond to N, which traits are 
responsible for variation in N use characteristics, and how these traits might be improved for future 
advances in nitrogen use and productivity. 
PROPOSED STRATEGIES FOR IMPROVING THE MAIZE N RESPONSE CURVE 
A maize hybrid’s N use and productivity are influenced by its grain yield at low N (check plot yield; 
no fertilizer N applied), and its response (i.e., increase in grain yield) to fertilizer N application. 
Therefore, maize N use could be improved by targeting one or both of these parameters. Currently, a 
‘typical’ maize hybrid in east-central Illinois has a check plot yield of about 6.1 Mg ha-1 and a response to 
fertilizer N of about 5.3 Mg ha-1 (Figure 8.1A). One approach to improving a hybrid’s use of N would be 
to produce the same yield with a 25% reduction in the fertilizer application rate required to achieve that 
yield (Figure 8.1B). Increased grain yield at low N is central to the success of this conceptual approach 
although it is possible that the same result might be achieved with a greater initial response to fertilizer N 
(i.e., initial slope of response curve). This strategy would potentially benefit the environment; however, it 
is difficult to reconcile achieving the ‘same yield’ with advances in plant breeding and biotechnology that 
strive to increase the rate of genetic gain for yield. A second approach to improving a hybrid’s use of N 
would be to increase yield without affecting the optimum N fertilizer rate (Figure 8.1C). As with the first 
approach, increased grain yield at low N is required to achieve increased yield under N-replete conditions. 
Maize breeders already achieve this strategy since average grain yields have increased steadily in the 
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United States without a trend toward increased application of fertilizer N (see Figure 1.1). Even with 
continued genetic improvements in low N stress tolerance, the ability of the soil to supply mineralized N 
will likely pose a limitation to maize grain yield under unfertilized conditions. Therefore, the N response 
curve of the future will not only require increased grain yield at low N, but will also possess a greater 
total response to fertilizer N application (Figure 8.2). Coordinated improvement of both grain yield at low 
N and response to fertilizer N requires knowledge of factors that affect both of these N use parameters.    
FACTORS AFFECTING GRAIN YIELD AT LOW N 
Considerable genetic variation for grain yield at low N was measured in several of the studies 
included in this dissertation. Comparison of old and new maize hybrids (Chapter 1) revealed that genetic 
improvements for grain yield at high N were mostly a result of increased grain yield at low N. Modest 
improvement in response to fertilizer N was documented even though maize hybrids have historically 
been selected under well managed conditions (i.e., high N). Check plot yields of current commercial 
hybrids varied by as much as 37% of the mean in a 3-yr study at Champaign, IL (Chapter 2). Although 
farmers do not intentionally produce maize under unfertilized conditions, the ability to tolerate low N has 
other important implications. For example, pre-planting applied N fertilizer can frequently be lost due to 
adverse environmental conditions such as excess precipitation and standing water. Hybrids that have 
above average yields under low N are hybrids that likely have better yield stability (Chapter 4). 
Furthermore, grain yield at low N was highly correlated to grain yield under well fertilized conditions 
suggesting that stress tolerance influences the overall yield potential of hybrids. In these studies, the 
ability to produce greater yields under low N was mostly influenced by improvements in genetic N 
utilization, which describes the yield produced per unit of plant accumulated N under unfertilized 
conditions. In Chapter 1, increases in grain yield at low N were accompanied by improvements in genetic 
utilization. Although it is not clear how selection at high N resulted in improvements in genetic utilization 
and grain yield at low N, selection of maize hybrids under higher plant densities may be one factor. The 
studies which focused on the interactions of N rate and plant density in maize germplasm clearly showed 
that hybrids which tolerate increased density are also the hybrids that tend to have high check plot yields 
(Chapters 3 and 4). Although past genetic improvement for grain yield at low N has likely been shaped by 
altered N utilization, continued advances resulting from altered root architecture or metabolism should 
also be considered. This is supported by the studies which examined the role of transgenic corn rootworm 
protection on maize N use and productivity (Chapters 5, 6, 7). In each of these experiments, insect 
protection increased N uptake and grain yield at low N, and in some cases increased the response of grain 
yield to applied fertilizer N.      
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FACTORS AFFECTING THE RESPONSE OF GRAIN YIELD TO FERTILIZER N 
The ability of the soil to supply mineralized N will likely pose a limitation to maize grain yield under 
unfertilized conditions. Therefore, continued advances in maize yield potential necessitate an 
understanding of the factors that influence N responsiveness. Uncontrollable fluctuations in weather pose 
the ultimate limitation to yield potential. Thus, advances in breeding and biotechnology that result in 
further tolerance to stresses like drought and high temperature may remove some of the limitations posed 
by weather, allowing greater responsiveness to fertilizer N. N response is also influenced by agronomic 
factors such as N application timing, rate, and source. As such, improvement of N response will likely be 
a combination of genetic, agronomic, and biotechnology inputs.  
There are clearly genetic differences in N responsiveness among current maize hybrids, and an 
average range in responses was approximately 1.9 Mg ha-1 (Chapter 2). Across locations, hybrids tended 
to rank similarly for N response suggesting that hybrids can be screened and selected for desirable N use 
characteristics (Chapter 3). Along with plant density tolerance, N response is one factor that influences a 
hybrid’s management requirements (Chapter 4). Hybrids with large N responses may require a higher rate 
of N application; however, the data presented in Chapter 2 suggests that hybrids of similar yield potential 
can vary widely in their optimum N rates for yield. One component of grain yield response to N is the 
ability to efficiently recover applied fertilizer N from the soil (N uptake efficiency). Comparison of old 
and new hybrids in Chapter 1 showed that better N uptake efficiency was associated with improved N 
responsiveness in newer hybrids. The data suggested that more recent hybrids possessed greater post-
flowering N uptake, which is dependent on an active root system and the ability of the leaves to supply 
reduced carbon to the roots (i.e., delayed senescence). Transgenic corn rootworm protection is one factor 
that promotes an active root system throughout the growing season leading to increased N uptake. In 
Chapters 6 and 7, the results showed that corn rootworm protection enhances stay-green resulting in 
larger individual kernel weights and grain yields. 
RELATIONSHIP BETWEEN GRAIN YIELD AT LOW N AND RESPONSE TO FERTILIZER N 
Hybrids of the future will need to have good tolerance to low N and a larger response to applied 
fertilizer N than present hybrids (Figure 8.2). In some studies and environments, check plot yield and 
response to fertilizer N were negatively correlated, suggesting that coordinated improvement of these N 
use parameters may be difficult to achieve. On the other hand, this sometimes negative correlation may 
simply be an artifact of additional abiotic stresses that limit the ability of a maize hybrid to respond to 
fertilizer N. Kernel number is the yield component of primary importance under low N, and it is this yield 
component which first reaches its maximum value with increasing N supply (Chapter 2). Furthermore, 
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response of kernel number to N is negatively correlated with the N response of kernel weight (Chapter 2). 
This negative correlation may be a result of source-sink dynamics (i.e., more kernels competing for a 
limited pool of assimilates) or could be related to maize floral development (i.e., genotypes with many 
kernels tend to have small kernels under a wide range of assimilate availability). As such, breeding and 
biotechnology strategies that increase either sink capacity (e.g., endosperm cell number, pericarp 
extensibility, and starch/protein metabolism) or source activity (delayed senescence, photosynthetic 
competency under drought or high temperature) may increase the rate or magnitude of kernel weight 
increase in response to N supply.   
HAS BIOTECHNOLOGY IMPROVED MAIZE N USE? 
Several recent reports have questioned the effectiveness or legitimacy of biotechnology in improving 
crop productivity. Despite this criticism, ample evidence suggests that biotechnology is making an impact 
on maize productivity. Transgenes conferring resistance to various insect species have been widely 
adopted by farmers across the United States, and the next generation of biotechnology introductions will 
likely include N use efficiency traits. Based on the results of the research described in Chapters 5, 6, and 
7, transgenic corn rootworm protection has already promoted improvements in N use and yield. Protected 
root systems result in better recovery of applied fertilizer N, and as a result, increased yield (Chapters 5 
and 6). The benefit of corn rootworm protection transgenes on yield and N uptake largely depends on the 
genetic background of the hybrid germplasm. For example, a hybrid background with intrinsically high N 
utilization efficiency was less responsive to corn rootworm protection compared to a hybrid background 
with large individual kernel weights (Chapter 5). The influence of transgenic corn rootworm protection on 
individual kernel weight was also evident from Chapters 6 and 7 where the HERCULEX XTRA (HXX) 
trait promoted remarkable increases in kernel weight. The genetic and physiological bases of this 
response should be investigated in greater detail by future studies, as not every hybrid responded similarly 
to the HXX trait for either grain yield or kernel weight (Chapter 7). Current concerns over the 
development of insect resistance to transgenic control measures suggest that deployment of biotechnology 
enhanced hybrids should be considered carefully in places where insect pressure is low. Understanding 
the yield enhancing properties of corn rootworm protection transgenes may lead to the development of 
other favorable traits that are not dependent on insect control.     
COMBINED ROLE OF PLANT DENSITY AND N FOR IMPROVING MAIZE PRODUCTIVITY 
Hybrid, N rate, and plant density are among the main factors that a maize producer exerts control 
over. Future advances in grain yield will require hybrids that can tolerate increased plant density and 
which can efficiently use inputs of N. Not all hybrids, however, tolerate the increased level of plant 
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density (111,195 plants ha-1) utilized by the studies in Chapters 3 and 4. Availability of resources is one 
factor that influences plant density x hybrid interaction since tolerance of increased competition at low N 
was a key characteristic indicative of density responsive hybrids at high N (Chapters 3 and 4). Increased 
plant density, however, did not necessarily promote a greater response to N, and N responsiveness and 
plant density tolerance were mostly independent traits (Chapter 4). As an example, while yields of two 
commercial hybrids were identical under 79,072 plants ha-1 at Champaign, IL in 2011, increasing the 
supply of N could not overcome the high plant density (111,195 plants ha-1) intolerance of one hybrid 
(Figure 8.3). Thus, tolerance to supra-optimal plant densities is dependent on traits in addition to those 
that influence uptake of nutrients such as N. Individual kernel weight decreases at high plant density 
(Chapter 3), and this negative response may be a result of shading stress effects in a dense stand of maize. 
As such, understanding and improving the response of maize photosynthesis to crowding stress may be 
one way to maintain individual kernel weight under high plant densities. 
GENERAL CONCLUSIONS 
The importance and need for increasing maize productivity is clear. Increases in productivity will not 
be easily achieved since N will probably become increasingly expensive in the future, and because its use 
may be regulated due to environmental concerns. These future constraints will require hybrids that 
tolerate low N and which respond efficiently to N fertilizer under elevated plant density. Current 
commercial maize hybrids vary widely in their tolerance of low N, response to applied fertilizer N, and 
tolerance of high plant densities. This variation provides the basis for continued genetic selection, while 
also providing the opportunity to simultaneously incorporate novel traits using biotechnology. Genetic 
and agronomic approaches for improving maize N use and productivity should focus on i) grain yield at 
low N (stress tolerance and yield stability), and ii) enhancing fertilizer N use through strategies that 
simultaneously optimize kernel number and kernel weight responses to N application under increased 
plant density.   
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FIGURES 
 
Figure 8.1. Graphical depictions of various strategies for altering the grain yield N response curve. A) An 
average N response curve for 32 commercial hybrids grown at Champaign, IL between 2008 and 2010. The 
average check plot yield (grain yield at low N) was 6.1 Mg ha-1, and the average maximum response to 
fertilizer N was 5.3 Mg ha-1. The maximum N response occurred at a biologically optimum N rate of 208 kg N 
ha-1. B) Average N response curve and an improved response curve which would achieve same maximum 
yield (11.4 Mg ha-1), but with a 25% lower optimum N rate (156 kg N ha-1). C) Average N response curve and 
an improved response curve which would achieve approximately 17% greater yield with no change in the 
optimum N rate. 
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Figure 8.2. Graphical depiction of an N response strategy required to double average maize yields in the 
United States (i.e., achieve 300 bushels acre-1 or nearly 16 Mg ha-1). An average N response curve for 32 
commercial hybrids grown at Champaign, IL between 2008 and 2010 is represented by the solid line. The 
average check plot yield (grain yield at low N) was 6.1 Mg ha-1, and the average maximum response to 
fertilizer N was 5.3 Mg ha-1. The maximum N response occurred at a biologically optimum N rate of 208 kg N 
ha-1. The improved N response curve (dashed line) has increased grain yield at low N (8.0 Mg ha-1) and an 
increased response to fertilizer N (8.0 Mg ha-1). The projected biologically optimum N rate occurs at 270 kg N 
ha-1 (assumes an N requirement of approximately 0.017 kgfertilizer N kggrain-1) 
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Figure 8.3. Two hybrids grown under two levels of plant density (79,072 and 
111,195 plants ha-1) and six levels of N supply ranging from 0 to 335 kg N ha-1 at 
Champaign, IL in 2011. Identical grain yields (10.1 Mg ha-1) were achieved with 
ample N supply at 79,072 plants ha-1. Increasing N application could not 
overcome the high plant density intolerance of P1236XR (lower panel). 
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